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BRITTLENESS IN FERXITIC Fe-Mn ALLOYS
by

Mohammad Nasim

Synopsis

The cause cof intergranular brittleness in a number of
alloys based on Fe-8%Mn has been investigated. The inter-
granular brittleness in as-water quenched alloyvs was mainly
because of segregation of N to austenite grain boundaries, but
some specimens did show the presence of P as well. A de-
segregation of carbon in the vicinity of the grain boundaries
. was also observed which may have also contributed to embrittle-
ment. This embrittlement was further enhanced on air cooling,
with segregation of N and Mn to prior-austenite grain
boundaries. On ice-brine quenching the alloys, the DBTT was
lowered. ‘Intergranular fracture was avoided and the brittle
fracture mode changed to cleavage. However, preliminary
examination by AES indicated a rise in N content on the
cleavage facets..

Aging quenched alloys at 450°C resulted in a rapid rise
in DBTT and further embrittlement, with further segregation of
Mn, N and at a later time P, to prior austenite grain beundaries.
Reverted austenite was not detected until after 60h at 4509C, and
the hardness rose <12HV30 on aging. These factors were thoughL
to have little effect on embrittlement.

Analysis of segregation kinetics at 450°C showed that the
segregation of Mn and P was consistent with bulk diffusion of
Mn and P in o-Fe, while measurement of the kinetics of
embrittlement by tensile ductility tests indicated that
diffusion of N in a-Fe was the main rate controlling factor
in isothermal embrittlement.

Above 450°C reverted austenite formed rapidly on aging and
was thought to be responsible for de-embrittlement.

A thermal cycling treatment was devised to overcome
embrittlement. Such treatment caused improvement in impact
toughness through refinement of grain size and introduction of
y and € phases into the microstructure. The alloys showed
resistance to embrittlement at 450°C and evidence of deformation
induced transformation on tensile testing at -78°C.
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Most of the recently developed high-strength and cryogenic
steels are expensive since they contain nickel as a major
alloying element. Manganese is a cheaper alternative to nickel
and produces similar effects upon the austenite‘to ferrite
transformations (1,2) which could allow cheaper alternatives to

nickel steels.

Whether Fe-Mn alloys can be used as a basis for cryogenic
high-strength steels, however,‘will depend on the mechanical
properties that can be achieved. Earlier work in the
department (1,3) indicated that although comparable strength
levels could be obtained in Fe-Mn alloys to those of Fe-Ni
alloys, such alloys were very brittle. This brittleness occurred
at the prior-austenite grain boundaries and was thought to be due
to temper brittlenéss. Subsequent work by Freeman (4) and
Gabbitas (19) confirmed these findings but no insight was

obtained into the nature of the embrittlement mechanism.

The present studies were undertaken to identify the nature
of this embrittlement in ferritic iron-manganese alloys and
determine methods of improving the low-temperature toughness of

these alloys.



2.0 LITERATURE REVIEW

2.1 Introduction

The aims of the present research have been described in the
introduction. This section examines the structure and properties
obtainable in Fe-Ni and Fe-Mn alloys with emphasis on the
characteristics of the brittleness phenomenon found in Fe-Mn

alloys.

2.1.1 Equilibrium Diagrams

Fig 1 and Fig 2 show the equilibrium diagrams for the
Fe-Mn and Fe-Ni systems respectively. Both Mn and Ni have
similar effects onkaustenite stability éxcept that the former
element depresses the (o + y)y phase boundary more severely than
the latter. For both alloy systems at lower temperatures the
equilibrium phases are a mixture of ferrite and austenite over a
wide range of alloy contents. In practice the equilibrium
phases are not formed due to the very slow nature of the
equilibrium reaction and instead a variety of transformation
products are formed. Figures 1(b), 2(b) show the transformation

. temperatures observed in these alloys.

2.1.2 Phase Transformations in Fe-Ni and Fe-Mn Alloys

Five basic modes of transformation of austenite, which do
not involve carbide separation, have been established for

iron alloys and are briefly described as follows:

Equiaxed Ferrite:

Austenite decomposes to ferrite during cooling by
nucleation and growth. The nucleus is thought to be an

incoherent grain-boundary allotmomorph (5). Since the trans-



formation occurs by rapid movement of the incoherent boundary,
there is no change in composition and growth is unaffected by
prior-austenite grain-boundaries. No surface tilting is
observed on pre-polished surfaces confirming that no shears are
involved in the formation of equiaxed ferrite (6). The result-
ing structure consists of equiaxed ferrite grains of fairly low-

dislocation density (7).

Massive Ferrite:

This reaction also occurs by rapid movement of an incoherent
boundary to give grains of ragged outline and high dislocation
density (7). However in this case the nucleus is thought to
be a coherent grain-boundary allotmomorph with a semi-coherent
boundary along the austenite grain- boundary and a semi-
spherical incoherent cap (5). Since the nucleus is semi-
coherent, strain energy is produced in the nucleus opposing
transformation and forcing transformation to occur at a lower

temperature than equi-axed ferrite (5).

Lath Martensite:

This has also been referred to as '"self-accommodating' (8),

massive (12) or "slipped" (10) martensite but is usually termed

lath-martensite (9). It is generally regarded as the product of

austenite decomposition to body-centred cubic ferrite via a shear
mode of transformation (9). The structure produced is often
characteristically described as "Widmanstdtten" ferrite but it
should not be confused with the Widmanstitten ferrite formed in
carbon steels. Lath martensite consists of parallel laths with

a high dislocation density (11). In this maftensite the

"Inhomogeneous shear'" is thought to occur by slip (11).



Twinned Martensite:

This is sometimes incorrectly referred to as acicular
martensite (12). The martensite appears as lenticular plates
in optical micrographs, whose internal structure is cross-
hatched by transformation twins (13). In Fe-Ni alloys the
crystal structure is body-centred cubic but is body-centred
tetragonal in carbon steels. The inhomogeneous shear in this

case 1s supplied by the internal twins.

Epsilon Martensite:

This occurs chiefly in steels whose austenite has a low
stacking fault energy (eg 18 Cr 8 Ni stainless steels (14) and
Fe-Mn in the composition range 10% to 30% Mn) and is generally
believed to represent an intermediate stage in the decompositioﬁ
of austenite to ferrite. Its structure is hexagonal close-
packed and it forms in parallel sided bands bounded by the

{111} austenite planes (14).

Breedis and Kaufmann (15) suggest that epsilon martensite
is only found in those alloy systems where solute additions
decrease the stacking fault energy of austenite to very low
values approaching zero. At these very low stacking fault
energies, the energy necessary for the y.+ e transformation 1is
reduced below that of the y - a transformation and thus a
metastable ¢ phase is formed. There are a variety of means,
eg Cold-working (16,17), tempering (18) or sub-zero treatment
by which epsilon can be made to transform to a body-centred
cubic ferrite whose structure closely resembles that of lath:

martensite (19).



Other Transformation Products

Other products of austenite decomposition such as pearlite
or bainite usually involve carbide separation, and so have not
been included in the above list. However, the inclusion of a
bainitic mode of transformation may be justified, since there
are reports (20,21) of an isothermal shear transformation in
binary iron alloys containing virtually no carbon. From a
structural aspect this isothermal transformation product

resembles lath martensite.

2.1.3 Mechanical Properties of Fe-Ni and Fe-Mn Alloys

Nickel Steels

In the last decades, there has been a considerable develop-
ment in the production and uses of liquified gases in petro-
chemical and missiles industries,-which inevitably caused a
growing need for a suitable material for easy storage and
handling of these products in these industries. This led to
the development of 9%Ni steel which actually is the only
engineering material available covering the needs bétween
3.5%Ni and austenitic stainless steels. The following table
taken from the work of Hardwick (22) indicates the usage of
nickel steels for different applications depending on the

boiling points of these respective gases.
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0.2%PS | UTS Elongation R of A Charpy V-notch
N/mm?2 N/mm?2 % % (J)

RT -196
618 722 30 70 163 61

In this tempered condition the structure consists of an
austenite/ferrite mixture with austenite having been nucleated
at carbides previously precipitated at the lath boundaries. This
austenite has a high alloy content and thus it is stable down
to temperaturesbelow -196°C (23). The témpering temperature
and time of tempering are regarded as the important controlling

factor for this impact energy value at -196°cC.

In figure 3, the variation in Charpy impact energy at RT
and at -196°C is plotted as a function of tempering temperature.
It is shown that 9%Ni steel exhibit good impact energy value when
tempered between 500-600°C. From the studies of the effect of
cooling rate after the tempering treatment and the examination
of microfractographs (23) it was concluded that the drop in the
impact energy below 500°C was due to the phenomenon of temper/'
embrittlement. The drop in the impact energy when tempered
at 600°C is thought to be due to the instability of reverted
austenite islands which form at the tempering temperature and
undergo transformation to martensite on cooling to room-

temperature, resulting in untempered martensite.

Brophy and Miller (24) in 1949 were the first to explain
that the improvement in low-temperature toughness of 9%Ni
steel after being tempered at 570°C was mainly due to formation

of stable austenite islands. Marschall et al (25) extended



their work and confirmed the beneficial effect of stable

austenite islands.

During the development of this explanation of the role of
austenite islands, Kron et al (26) gave another reason that
improvement in low-temperature toughness in 9%Ni steel was
mainly through excelient low-temperature propertiés of high nickel
ferrite. According to them, the drop in impact energy at high
temperatures was mainly through the formation of un-tempered
martensite after being cooled to room temperature. They
suggested that appearance of austenite phase was mainly

accidental (26).

However, the recent work of Naghashima et al (23) has con-
firmed that the improvement in 1ow—temperafure toughness of 9%Ni
steel is predominantly affected by the formation of reverted
austenite islands. They actually studied the ?ffect of tempering
temperature on the mechanical properties and amount of reverted
austenite formation and its stability at room temperature and at
-196°C. Naghashima et al (23) reported that the peak in
impact energy did not coincide with the peak in amount of
reverted austenite formation as shown in figure (4a, 4b). This
observation made it clear that the reverted austenite appearance
was not the only contributory factor in this improvement of low-

temperature toughness in 9%Ni steels.

The mechanisms of the improvement of low-temperature
toughness in 9%Ni steels and the recently developed 6%Ni steels
by heat treatment in the (o + y) phase region will be discussed
in detail in sections 2.4.2 and 2.4.3. It is thought that
in addition to the crack-blunting effect of austenite islands,

the improvement in low-temperature toughness is also through



grain-refinement (27) and possibly removal of the embrittling
effect of the small quantities of manganese and other solutes

found in these alloys (28) by dissolution in austenite.

Manganese Steels

Manganese is used extensively in low-alloy steels due to its
effect in increasing hardenability and retarding softening on
tempering. However, apart from Hadfield's manganese steel which has
been known for a number of years, manganese has found very little

use in high alloy materials.

Recently Bolton (1) and Freeman (4) examined the phase-
transformations and mechanical properties of Fe-Mn alloys follow-
ing the studies of the mechanical properties and structure of
the Fe-Mn systems reported By Schumann (29). The interest has
been stimglated mainly by economic and strategic considerations
with reference to the use of Mn as a substitute for nickel,
especially in high-alloy steels. The use of Fe-Mn alloys as a
base for cryogenic and high-strength steels depends on the
mechanical properties that can be achieved. Both of these studies
indicated that high-strength levels could be attained in Fe-Mn
alloys but at fhe same time these alloys were found exceedingly

brittle.

The mechanical properties of Fe-Mn alloys in the composition
range 0-20%Mn were first studied by Walter et al (30). It was
- found that in the normalized condition, a peak in strength of
about 770 N/mm? was attained at approx 10%Mn but these alloys
showed very low toughness. Tempering at 540°C produced a slight

decline in strength but toughness was slightly improved.



Examination of the tensile and impact properties of Fe-Mn

alloys containing up to 5%Mn(31) showed that the martensitic
alloys were extremely brittle with the occurrence of inter-
granular fractures. As a result of more recent work on the
mechanical properties of ferritic Fe-Mn alloys and their
relationship to microstructures, it has been suggested (3,4) that
the most likely cause of brittleness was a classical temper
brittleness effect..- This intergranular brittleness in ferritic

iron-manganese alloys is discussed more fully in section 2.1.6.

Holden et al (2) found that when the Mn content exceeded
10% in Fe-Mn alloys, a mixture of (a + €) phases were obtained
and beyond 15%Mn a mixture of (o + e+ y) phases resulted. Also
within these compositions austenite was found to be stable even
at liquid nitrogen temperatures. Such alloys had excellent
impact toughness with an impact transition tempefature below
-80°cC. Recently Zackay et al (32) attempted to examine the
cryogenic properties of this mixture of microstructures,
(o + ¢ + y), by varying Mn content (Fig. 6-10). They found that
increasing Mn content in o=-solid solution was detrimental to
low-temperature toughness (Fig.7). At Mn > 12pct appreciable
- amounts of e¢ and y phases were formed which consequently lowered
the Ductile-brittle transition temperature, (DBTT), rapidly. This
work also showed that the drop in DBTT was at the rate of 1.3°Cc/
vol pct (¢ + y) Fig.8. However figure 9, showsvthat this
increase in impact toughness was obtained at the expense of é
decrease in yield strength. This decrease in yield strength with
increasing amounts of ¢ was thought (32) to be due to localised
flow in the weaker e phase and stress induced transformation of

e to Q.



2.1.4 Comparative aspects in Fe-Ni and Fe-Mn alloys

In the recent studies (1,4) on Fe-Mn alloys, it has been
indicated that the approximate phase-composition limits and mode

of transformation in the normalized condition are as follows:

Composition

Limits Structure Mode of Transformation
0-3% Mn Equiaxed Ferrite Diffusion dominated
3-4% Mn Mixture of Bainite

and Martensite (1)
Intermediate type of structure (4)

4-10% Mn Lath Martensite Shear dominated

Similarly the phase composition limits and mode of trans-

formation in Fe-Ni alloys has been reported to be (4):

Egﬂgzzition Structure Mode of Transformation
0-6% Ni Equiaxed Ferrite Diffusion dominated
6-9% Ni Intermediate type of structure

9-25% Ni Lath martensite Shear dominated

These 1limits have been found to vary with the carbon content
and cooling rate. However, it is interesting to note that
the composition limits for Fe-Ni system are about twice those

observed in Fe-Mn system.

The lath-martensite structure found in Fe-Mn (4-10% Mn) and
Fe-Ni (9-25% Ni) systems is independent of cooling rate and is
a shear dominated product. It has been found to be structurally
identical in the same heat-treated condition eg similar lath-

sizes and austenite grain size/packet size ratios (4). Thus
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The effect of tempering on DBTT and fracture appearance was not
studied. Roberts resu1£§ showed that impact toughness and DBTT
were insensitive to the manganese content but were affected by
the transformation substructure andigrain size, Figure 11. The
gréin size dependence reported by Roberts also agrees with that

reported by Leslie (35) and Sasaki (36) for Fe-Ni alloys.

2.1.5 Factors ¢gffecting toughness in steels

In this section the basic mechanisms governing toughness in
steels will be discussed before more detailed discussion of

embrittlement in particular alloy systems.

The variation of yield strength of iron with temperature

One of the most striking differences between the bcc and

- the fcc metals is the manner in which their resistance to
deformation is affected by a decrease in temperature below rcom
temperature. In general, the bcc metals exhibit a sharp rise

in yield stress or critical resolved shear stress for slip,
whereas the fcc metals do not. The low-temperature brittleness
of many of the bcc metals is generally atrributed to this

change in resistance to plastic deformation. Since crack nucleation-
becomes more probable and crack propagation becomes eésier as

the resistance to plastic flow is increased. In figure 12(a),"
the results of a number of investigations on slightly impure iron
where the difference o1 = 92500k is plotted as a function of
temperature. Here 92000K is the yield point at room- temperature
and op is the yield point at the lower-temperature. It is shown
that, despite a range of carbon contents and grain sizes, the

general trend is almost the same for all sets of data. Until



recently (41) the rise in the resistance to deformation was
attributed to the pinning of dislocations by interstitial
impurities; and it was anticipated that if sufficiently pure
iron was made, then perhaps both the steep rise in the yield
strength and brittleness at low temperatures could be avoided.
The contribution of interstitial impurity pinning to these
effects has been the subject of controversy by Helsop and Petch
(42) and Stein and Low (43). Both authors concluded that the
friction stress rather than the pinning stress rises as the
temperature was decreased, but they admitted that the impurities

also strongly influenced the low-temperature behaviour.

“While comparing the behaviour of single crystal and
polycrystalline iron, it was found that at low temperature the
polycrystalline curve lies above the single crystal curve. This
suggested that in addition to an increase in friction stress
at low temperature (single crystal curve) there is an increase

in the grain -boundary interference with slip as well (41).

It is found that at about 77°K and below, the initial
/yielding appears to occur by twinning rather than by slip (44,
45) and the course of the yield stress-temperature curve is
Cﬁanged to a lower slope. The data reported by London et al
(46) on the variation of yield strength with temperature of
zone;refined iron also showed that even the yield strength
values are not greatly different from an impure iron shown

in fig.12(a). This observation also contradicted the

suggestion of Conrad (41) who suggested that the steep rise in
yield stress at low temperatures was due to interstitials. Later

on, Low (43) experimented by removing C and N to the lowest
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less than that required for ductile deformation.

By experimenting with mild steel and different grain sizes under
compression and tension. Low (48) showed that brittle fracture

occurred when the fracture stress coincided with the yield stress.

Thus the low-temperature brittleness of iron is due to the
steep rise in yield stress which occurs as the temperature is
lowered until it eventually exceeds the fracture stress. 1In
f.c.c. materials the temperature dependence of the yield stress
is so low that the fracture stress is never exceeded. The
effect of notches on increasing the DBTT can also be explained
on the basis of the coincidence of the yield and fracture
stresses. The effect of the notch is to locally raise the stress
in the vicinity of the root of the notch thus exceeding the frac-

ture stress and resulting in premature failure.

In the case of glass, Griffith (49,5C) showed that the
presence of small cracks was responsible for brittle behaviour.
The cracks locally raised the stress acting on the material.

Griffith showed the brittle fracture occurred when

Ey
g > — 2.1.(1)

where o = stress applied to material
E = Youngs Modulus
c = one half the crack length
vy = Energy required to create unit area of new

surface by crack growth.

If crack sizes for brittle failure in iron are calculated,
o
it is found that these are ~0.3 um (3,000 A). Atomic sharp

cracks of this size are not always present in iron and it is



concluded that a small amount of plastic deformation occurs
before brittle failure to create cracks. Plastic deformation
also occurs during crack propagation. The Griffith relationship

can then be modified to allow for this as follows (58)

| EYO‘
o > /ﬁica 2.1.(2)

radius of curvature of crack root

where o

Interatomic spacing across fracture plane

sV]
1]

A variety of dislocation mechanisms have been suggested to
produce cracks including twin intersections (45). However
Cottrell (40) and Petch (52) have both concluded that crack
propagation rather than crack nucleation is the most important
and difficult step in brittle fracture, otherwise the known
effect of grain size, state of stress and temperature cannot

be accounted for. On this basis grain boundaries act as barriers
to crack propagation and thus finer grain sizes lead to a
lowering of the DBTT (40,52). Petch (52) showed both
experimentally and theoretically that in the case of mild steel
the DBTT, TC8 varied linearly with 1nd-%, where d is half the

grain size diameter, figure 13.

In conclusion the rise in yield stress of iron at low
temperatures is the basic cause of low-temperature brittleness.
An increase in the yield stress has two effects; first the
microcracks which are nucleated by slip or twinning are more
likely to propagate and secondly the cracks are less likely to
be blunted at their tip since plastic deformation at the crack

tip will be reduced by decrease in temperature.



Brittle Fracture by Cleavage

In ferrite brittle cleavage occurs on {001} planes (53). This
plane also satisfies the criterion of possessing the direction of
minimum surface energy (54). It is also the cleavage plane in

Cottrell's mechanism for crack nucleation (40).

When the ferrite microstructure takes the form of an acicular
structure such as bainite or lath martensite, H Ohtani et al (55)
have shown that the cleavage facet size corresponds to the
packet size. Moreover they obtained a linear relationship between

-1
‘the DBTT and log d. *, where d. is the cleavage facet size.

Similarly as remarked earlier, Roberts (7) reported a linear
relationship between DBTT and log d in lath martensite figure 11.
.Al11l these results are in agreement with Petch's theoretical

equation for the effect of grain size on-DBTT (52).

Brittle Fracture by Inter-granular failure

If segregation occurs at grain-boundaries, then generally
brittle fracture occurs along these boundaries rather than by
trans-granular cleavage. This is because the surface energy
term y in the modified Griffith equation is reduced. For
cleavage fracture,y is equal to Zys, where Yg is the energy

per unit area of the cleavage surface. For intergranular fracture

where T is the grain boundary energy per unit area since the
energy of the two new surfaces is partly reduced by the energy

of the grain boundary along which fracture is taking place.



When an impurity segregates to the boundary, due to Gibb's
adsorption, it reduces T thus contributing to an increase.in vy.
Since most grain boundary active impurities are surface active
they also decrease Ygo The degree of this influence determines
the embrittling influence of an impurity. But, in general,
extremely large reductions in (Zys - yb) have been reported (56)
especially in Cu-Bi system where Bi has been found to be an
effective embrittler of Cu. Another good example of
embrittlement due to segregation is that due to small concen-

trations of P in iron (57).

A

Intergranular fracture may also occur due to the presence
of a brittle phase at grain boundaries. An example is the pre-
cipitation of AIN at grain boundaries in certain steels under
certain heat treatment conditions (58). This particular

example is discussed in further detail in section 2.2.6.

Ductile Fracture through initiation and propagation of ductile

cracks

Ductile failure by deformation implies a fracture process
which takes place after substantial deformation but sometimes
brittle fracture can also be preceded by a marked degree of
plastic deformation commonly known as delayed cleavage fracture.
Ductile fracture is generally exhibited by a necking during
tensile testing when a cup-and-cone fracture eventually occurs.
The main difference between ductile and brittle fracture, which
is of profound practical significance, is that the propagation oif

a ductile crack involves substantial plastic flow, whereas in a

brittle crack the fracture proceeds with a minimum of further



plastic deformation. With éleavage the fracture energy is
needed mainly to overcome the cohesive forces between atoms on
each side of the crack path, whereas in ductile fracture this
contribution is greatly outweighed by that needed for plastic
deformation associated with the crack process. Tipper (59)
reported that in the early stages of necking only the effects of
deformation by slip could be seen but at a later Stage small
pores were found which gradually multiplied and eventually nuclea-
ted a crack by joining together. Ludwik (60) observed that the
pores mainly originated at small inclusions on particles of a
second phase. Puttick (61) as a result of a study of the nuclea-
tion of pores in iron and copper, has concluded that the pores
are created by the metal flowing away from the interfaces of

small inclusions not wetted by the matrix.

The link between inclusions and the initiation of ductile
fracture is thus now well established and explains very adequately
the increase in reduction in area as the purity of a metal is
raised. Ideally, a pure metal free of inclusions should thus
exhibit 100 pct reduction in area in the necked zone, but there
is some evidence to support the view that ductile cracks can
initiate also in the absence of inclusions (62). In these
circumstances, crack nuclei would be expected to form by
- dislocation coalescence as in the nucleation of brittle cracks,
but the subsequent propagation would be different. The propagation
of the ductile crack occurs by the joining up of~pores»and the
resulting coalescence has been called a process of internal
necking which is a description of the breaking of bridges between

adjacent cavities elongated in the tensile direction.



2.1.6 Intergranular Brittleness in Fe-Mn alloys

The mechanical properties of iron-manganese alloys have been
a matter of considerable interest ever since Walter et al (30)
showed that a strength of approx 770 N/mm? could be obtained
but with low toughness in Fe-10.0% Mn alloys. He also showed
that on tempering an improvement in toughness could be expected
with a decline in strength. Rees and Hopkin (31) experienced
brittleness in Fe-5.0% Mn martensite alloys on examination of
tensile and impact properties. As their Fe-Ni alloys exhibited
similar characteristics of brittleness with intergranular fractures,
they concluded that some kind of grain boundary weakening through
impurity segregation was responsible for the brittleness in
their Fe-Mn and Fe-Ni alloys. Nicohenko (37) observed
brittleness in Fe-8.0% Mn on cold working but it was suggested
that possibly this brittleness was due to transformations of
retained epsilon martensite to a-martensite. Boniszewski (38)
reported extreme brittleness in Fe-7.0% Mn compared with its
counterpart Fe-9.0% Ni but he suggested simply that in Fe-Mn
alloys twinned martensite formation was responsible for this
brittleness whereas in Fe-9.0% Ni steel, lath martensite
transformation was taking place. The presence of twinned
martensite was also thought to be responsible for this brittle-
ness in Fe-Mn alloys by F G Wilson (39), while studying the
replacement of nickel by manganese in maraging steel at Swinden
Laboratories. However recent studies (1) have not been able to
show any evidence of twinned martensite in these Fe-Mn alloys.
Bolton et al (3) found that the low-carbon Fe-Mn alloys
(4-10% Mn) in the lath-martensite condition were brittle in the
as-quenched condition due to a weakness at prior-austenite

grain boundaries which became even more marked when the alloys
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transformations and mechanical properties in Fe-Mn alloys and
confirmed the previous observations that similar strength levels
to those in Fe-Ni alloys coﬁld be obtained but attainment of
toughness would be a problem. In this work, it was found that
fracture mode in Fe-10.0% Mn alloys depended on heat-treatment
and testing temperature. Completely intergranular fractures were
obtained in the normalized condition, but even on water-
quenching the fracture mode was still intergranular. A change
in carbon content from (0-0.2%C) did not make any difference in
the fracture mode. No precipitates and particles were found

on smooth inter-granular grain -boundaries. All these observa-
tions were found in agreement with the previous research (1,3).
In Freemans' work (4) the fracture mode was still completely
intergranular even after tempering at 500°C but above this
temperature, ie between 520—6200C, the fracture mode was found
to change from intergranular to intergranular microvoid coal-
escence (IMC) when impact tested at room-temperaturej at -196°¢C,
the fracture mode was quasi-cleavage. These observations along
with the published results of Bolton et al (3) led to the
conclusion that Fe-Mn alloys exhibited the characteristics of

temper embrittlement phenomenon ie:

(1)  Rise in ductile-brittle transition temperature with
intergranular fracture when heated in, or slowly cooled

through 300-500°C.

(i1) Embrittled alloys can be de-embrittled by heating above

the embrittlement range ie 2600°C

(iii) Re-embrittlement by holding or slowly-cooling through

through 250-500°C after being tempered at 600°C.



It was difficult to decide, however, from the available

evidences which impurity was responsible for the embrittlement.

For Fe-Mn alloys containing trace impurities, Bolton
speculated that the Mn/Si levels could possibly control the
susceptibility to temper embrittlement (1,3). Further evidence
which favoured silicon as being responsible was that i pct
addition of Mo failed to restrict the embrittlement and this had
also been shown to occur with other steels (63,64) where
silicon was responsible for embrittlement. The evidence favouring
silicon was not conclusive however; phosphorus was also suggested
as a possible source of embrittlement, since embrittlement even
at concentrations as little as 0.001% P had been reported (65)
when in combination with manganese. Bolton's alloys contained
0.002% P to 0.005% P. It was thought that nitrogen (3) could also
be responsible for increasing embrittlement, since Capus (63)
showed that nitrogen seriously enhanced 350°C embrittlement.
Moreover it had also been found that low-carbon Fe-Mn alloys
which contained aluminium to scavenge the nitrogen were less

brittle than straight Fe-Mn alloys (66).

Later, in another investigation carried out in the depart-
ment, on Fe-Ni-Mn alloys (67,68) similar loss in impact
properties was experienced. The intergranular fracture surfaces
were analy;ed using AES (69) Ni, Mn, P and N were detected on

the brittle grain boundaries.

Thus, out of all this research work, it became obvious that
possible impurities were P, N or Si although the exact inter-
action was not clear nor whether manganese would cause

embrittlement on its own.



2.2 Grain-Boundary Embrittlement in Iron-base Ailoys

In this section it is intended to examine the occurrence of
brittle intergranular fracture in iron-base alloys in more
detail. An attempt will be made to examine the solute-
embrittlement in pure iron alloys in order to clarify exactly
the role of interstitial and impurities in the embrittlement of
iron and its alloys especially Fe-N and Fe-P alloys. Later,
some specific conditions will be reviewed where grain-boundary
embrittlement is enhanced by ALN, TiC precipitation on prior-

austenite grain--boundaries.

2.2.1 Grain-Boundary Segregation

Mclean (70) developed a theory of interfacial segregation
of solutes and demonstrated that the driving force for the
segregation of solutes be inferred from a simple elastic model
of a foreign atom in a matrix in such a way that its associated
lattice strain energy would be reduced by concentration of the
solutes at the structural defects, such as dislocations, grain
boundaries and free surfaces. There are generally two types of

grain boundary segregation:

1. Gibbs Equilibrium Segregation:
Where the segregation of solute atoms to the boundaries
result in lowering of the free energy of the boundary and hence

the energy of the system as a whole.

2. Non-equilibrium segregation:
Where the segregation occurs from the interaction of solute

atoms with vacancies to boundaries which act as sinks.



Modern technique such as Auger electron spectroscopy makes
it possible to distinguiéh befween these two types of segregation
and also between them and precipitation. By the use of inert ion
sputtering to uniformly remove atomic layers from the specimen,

a solute atom gradient can be determined for some distance from
the boundary. Some typical sputtering profiles are shown in
fig. 14(a). With a precipitate, the Auger signal should remain
fairly constant until it disappears suddenly, while equilibrium
segregation should exhibit a gradient but only over 'a few atom}c
layers, whereas the non-equilibrium type of segregation shouid

persist over much larger atomic distances.

In section 2.2.2 and 2.2.3 the grain-boundary embrittlement
in iron-base alloys with elements like oxygen, sulphur, nitrogen
and phosphorus will be reviewed. As the solute embrittlement
in iron-base alloys has been divided into two segregation types
it now appears that actually these embrittling elements fall into
"two clear categories:-

1. Elements which form a true Gibbs mono-layer and embrittle
at small concentration for example sulphur, phosphorus,

oxygen, nitrogen etc.

2. Elements which form multi-layers at the boundary and in
general require high concentrations for embrittlement for

example tin, arsenic and antimony.

Actually the distinction between equilibrium and non-
equilibrium segregation is made on the basis of whether the
amount of segregate satisfies the Gibbs adsorption isotherm for

dilute solutions (71).

.. C o

r, RT (Hf) ‘2.2.(1)

T



where r, = Grain-boundary excess concentration of the second
element due to segregation
d9 _ the ch in th :
3c - the change (decrease) in the grain-boundary energy

with changes in thebulk concentration C of the

second element.

Hondros and McClean (72) have reported that g% = 1190 ergs/sq cm/
at pct for phosphorus segregation to grain boundaries in §-iron |
at 1450°C. It has also been suggested that more precise deter-
mination of the amount of segregate can be made with a knowlédge
of the Activation Energy for adsorption of solutes at grain

boundaries in iron.

Another expression detived by Cahn and Hilliard (73) also
gives theoretically the upper limiting values of segregants.

Accordingly for two-component systems like Fe~P etc

r, = - ¢ - 2.2.(2)
kT [1 + In(C_/C)]

where ¢ = grain-boundary energy of pure iron at the temperature
TK under consideration.
Ce = limit of solid solubility in terms of atom fraction
k = Boltzmann constant

Cahn (73) and Hondros (74) suggested an assumed value of ¢ and Ce

for phosphorus as

Q
1l

800 ergs per sq cm

(@]
n

0.02

Hondros and McClean (72,74) have experimentally shown that %% is

inversely proportional to solubility. It was found that an element
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particular solvent is defined as the decrease in interfacial
energy per atomic per cent of bulk solute concentration in the
limit of zero concentration. Hondros (77) attempted to correlate
the interfacial activity in a wide range of systems with other
physical parameters. He found a reasonable correlation between
grain-boundary activity and maximum solubility, probably because
this parameter reflects all types of atomic mismatching and for
various systems this correlation is shown in fig 15. Hondros and
Seah (78) have also defined, by analogy with the Langmuir isotherm
for surface adsorption, a more precise parameter, the grain-
boundary enrichment factor, B8, with which to compare grain-boundary

segregation in different systems

B=.>(_B/_)(_B._O=__—_dc/dc=K_L
C X, RT C
Bo e
where Xg = no of moles of solute/unit area of grain boundary
XBO= no of moles of solute/unit area of grain-boundary
required to form a close-packed sheet one atom thick
C = bulk concentration
Ce = limit of atomic solubility

K = exp (E/RT)

For temperatures ~1000 K and E = 0-5 Kcal mole-l, K =1 to 10.

Hondros and Seah (78) reported the correlation between B, the
grain-boundary enrichment ratio and atomic solid solubility which
is shown in fig 16 for a number of binary systems. The
measurement of grain-boundary enrichment was determined by using
two techniques, namely, Interfacial energy measurement and

recently developed technique of Auger Electron Spectroscopy.

Recently Hondros (74) reported the grain-boundary segregation

of fin in iron-tin alloys over a temperature range of 1000°C. 1In



order to control the segregation by the addition of a third
element, the Fe-Sn-S system was also studied. Sulphur is
surface active in iron indicating the possibility of a strong
competition between sulphur and tin for grain-boundary sites.

It was found that the segregation behaviour had close analogies with
gas adsorption on surfaces. The important point noticed was that
sulphur segregation obeyed Langmuir-type (monolayer) behaviour
whereas tin formed grain-boundary multilayers. It was suggested
that sulphur and tin showed two segregation behaviour patterns;
the sulphur category (akin to surface chemisorption) represent
the behaviour of high surface activity elements like O, N and

P whefeas tin category (akin to multilayer physisorption)
represent the behaviour of other elements like As, Sb and Cu.

As already pointed out, the important outcome of this work was
the prediction that the impurity elements segregating tendency
was inversely proportional to the limit of solid solubility of
that element. Since this work Seah and Lea (79) have measured
grain-boundary and surface segregation tendency of Sn by AES

in the temperature range of 500-850°C. They developed a
thermodynamic theory to explain the variation of surface and
gfain-boundary enrichment with temperature by considering the
interfacial and surface entropies of the segregants. They

found good agreements with the experimental results.

2.2.2 Influence of Oxygen, Carbon and Sulphur on Intergranular
Brittleness in Iron and its Alloys

It has now become well established fact that segregation of
solutes have a great effect on the intergranular cohesive strength
of iron. A number of metalloid elements like P, As, Sn and Sb

have been found to affect this cohesive strength and result



in raising the ductile-brittle transition temperature and in some
cases in lowering the upper shelf energy in the embrittled state;
also with a change in brittle fracture mode from cleavage to
smooth intergranular. The metalloid elements (P, As, Sn, Sb)
were suggested long ago (80) as being responsible for grain-
goundary embrittlement but have been confirmed recently with

the advent of Auger Electron spectroscopy.

In the early stages, most of the research workers (81)
focussed more attention towards the influence of carbon on
cohesive strength of iron and found that carbon increased the
cohesive strength of iron (81). The tentative model suggested
was that carbide precipitation at the grain boundary caused
an offsetting in the embrittling elements from the grain boundary
(81). Another postulaﬁion (31) was that perhaps the effect of
carbon might be on the intrinsic bonding in the material at the
grain boundary along with the effect resulting from off-setting
of the embrittling elements. Low and Feustal (81) also
demonstrated that carbon caused an inherent interface
strengthening effect (grain-boundary strengthening effect) and
fhey approached this idea by studying carburization and
recarburization experiments on a low-carbon rimmed steel. After
this interesting work, MacMahon et al (83) found that the
equilibration temperature from which iron was quenched had
a profound effect on the grain-boundary strength of ferrovac iron,
commercially vacuum melted from electrolytic iron containing
= 50 ppm carbon and = 20 ppm oxygen. It was found that if
the quenching temperature was lowered, the ductility of the
iron at 77 K was increased and the tendency for intergranular
fracture was decreased. The reasons suggested for this behaviour

was that by decreasing the equilibration temperature (solution



treatment temperature), it enhanced the equilibrium segregation
of carbon to grain-boundaries. '"H"r So it means that if the
temﬁerature is high, there is less chance for carbon to segregate
to grain~boundariés (possibly because of increased solubility)
and strengthen them and thus the grain-boundaries will be

weaker. It was not clear from this work whether carbon had an
intrinsic effect, or if it had some sort of scavenging
interaction with another segregated impurity; for example

oxygen. Fast (84) in 1949, found that iron containing 0.015%
oxygen had a transition temperature on impact about 50°C higher
than that of a similar iron killed with zirconium, titanium or
aluminium; the addition of 0.53% of Mn to an iron containing
0.014% of oxygen was also found to lower the transition
temperature of about 40°cC compared with that of the killed-iron.
On the basis of impact tests at room temperature he concluded
that more than about 0.002% of carbon could combat the effect

of oxygen. Fast (84) associated the presence 6f oxygen with
failure along grain boundaries and mentioned that oxygen

reduced the cleavage strength, the reduction being localized at

the grain-boundaries.

Rees and Hopkins (31) demonstrated in 1952 that oxygen
reduced the intergranular strength of iron. An alloy with 0.48%Mn
was found to almost counteract the embrittling effect of oxygen
(0.006%0). The minimum oxygen content for severe embrittlement
was found to be 0.003%. At that time in 1952, the authors
could not clearly understand the mechanism involved for this
grain-boundary embrittlement by oxygen as there was no inter-
granular phase present. Oxide inclusions were noticed on

increasing oxygen content beyond 0.007% but they were



randomly distributed. The addition of Mn was found to

counteract very largely the embrittling effect of oxygen but some
grain-boundary failure still remained. Rellick and McMahon (85)
recently showed the influence of 0.05 pct aluminium and found
that intergranular brittleness associated with high equilibration
tempefature reported by McMahon earlier (83) was suppressed
considerably By the addition of 0.05 pct Al. when quenched from «
high temperature. It was also found that further increase in low-
temperature ductility could be achieved if the iron containing
0.05 pct Al was slowly~cooled down to £560°C and then quenched.
From this work, the important point to ﬁote was the interaction
of Al with oxygen. By adding Al to the melt, it lowered the
amount of dissolved oxygen to a very small amount and thus

decreasing the intergranular brittleness.

It is interesting to see that the effect of these impurities
and interstitials on the intergranular brittleness of iron ‘has
been the subject of research for 25 years. As indicated above,
some impurities by reinforcing the cohesion of the grain -
boundaries favour trénsgranular fracture while others lead to
fragile intergranular fracture. Oxygen has been regarded as
having a considerable embrittling effect; bﬁt its specific role
remained controversial till the current work by French Workers
(86) who concluded that oxygen did not affect the intergranular
brittleness (fig.17). They reported that there was a profound
effect of carbon and sulphur on the intergranularAbrittleness of
pure iron and demonstrated that the beneficial effect of carbon on
the cohesion of the grain-boundaries was independent of the oxygen
content (£fig.18). Thus accordingly it was sﬁggested that all

the mechanisms established so far concerning the interaction



between oxygen and carbon at the grain«bouﬁdaries were invalid.
They supported previous observations (87,88) that sulphur
segregated to the grain boundaries and caused intergranular
fragility very rapidly. It was suggested that all the previous
studies on the influence of oxygen (84,89j were made on iron

where the concentration of sulphur was already sufficient to

cause embrittlement. The segregation of carbon and sulphur was
also found to follow the segregation theory proposed by Hondros and
Seah (78) that intergranular segregation of an element incfeases
to a maximum when the solubility decreases with temperature to the
solubility limit. Thus for an embrittling element like sulphur
there will be a maximum boundary fragility and for a strengthening
element like carbon, there will be a maximum boundary re-
inforcement when the alloy containing sulphur and carbon
reépectively are quenched from a temperature close to the

solubility limit.

2.2.3 1Influence of Nitrogen and Phosphorus on grain-boundary

embrittlement of Iron-base alloys

Rees and HopkinS (89) demonstrated in 1954 that high-purity
irgn with 0.01%N exhibited grain-boundary weakness when cooled
at normal rates from the austenitic region and found that
severity in this intergranular brittleness could be increased
by isothermal treatment in the approximate temperature range of
(500—800°C). This intergranular embrittlement was associated
with rise in the impact transition temperature and on tensile
testing at -196°C, the brittle fracture stress decreased with
increase in the degree of embrittlement. Unfortunately at that

time in 1954, there was no direct tool like AES available to



determine the fracture surface chemistry. Thus Reés and Hopkin
(89), on the basis of these isothermal studies, and the effect

of cooling rate finally explained this type of intergranular brittle
ness, as possibly being caused by segregation of nitrogen atoms

to the grain-boundaries. Moreover, this intergranular brittleness
was found very sensitive to!i* : heat-treatment. It was found

very interesting, but difficult to explain, that if the cooling rate
was iﬁcreased, the fracture mode changed predominantly to inter-
granular with high-impact transitionv-temperature. By reducing

the cooling,ie by air-cooling and furnace cooling, the inter-
granular brittleness was gradually decreased. The redsons

suggested for this kind of observation was that on rapid cooling,
the précipitation ofFelﬁNzwas avoided or even eliminated with no
clustering, of N atoms taking place. Thus free N atoms segre-

gated to the grain boundaries because of their high diffusion rates
and weakened them resulting in enhancement of inter-granular
brittleness along with rise in the impact transition temperature.

On slow cooling there was sufficient time for precipitation of
Pe16N2 to occur. Thus precipitation of Fe;(N, took place rather
than segregation of nitrogen to grain boundaries resulting in

brittle failure by cleavage and a lowering of the DBTT.

By studying the effects of isothermal treatments and the
effects of cooling rate, it was found that precipitation mainly
took placé below 300°C. 1In figure 19, the toughest condition
was found after furnace cooling down to room temperature but the
intergranular bfittleness was induced into these alloys by holding
for various times at temperatures between 300-1000°C. From the
shape of this curve shown in fig.19, the simplest explanation

suggested was that maximum tendency for mitrogen to diffuse to



the grain-boundaries was between 600-700°C.

Above this temperature range, nitrogen atoms tended to
diffuse away or boil off from grain boundaries resulting in de-
embrittlement while below this temperature range diffusion
was too sluggish to produce embrittlement in measurable times.
An alternative explanation of the lack of embrittlement at low
tempteratures was that precipitation of Fe16N2 or clustering of
Fe and N atoms occurred within the grains rather than diffusion

of nitrogen to grain boundaries. _

It was also found in this very interesting work that on
prolonged heating at 200°C or 250°C after being furnace cooled to
room-temperature Fe16N2 type recipitates disappeared with the

formation of Fe,N type precipitates.

Following their work on Fe-N alloys, Hopkins and Tipler
carried out similar studies on Fe-P alloys (57) the effect of iso-
thermal treatments at different temperatures on the brittle
fracture stress is shbwn in figure 20. The curves have similar
characteristics to that shown in figure 19 for Fe-N alloys.

From figure 20, it is evident that the temperature range over
which extreme sensitivity to grain-boundary embrittlement occurs

becomes wider as the P content is increased.

Hopkins and Tipler (57) also studied embrittlement in Fe-P-C
alloys. They found that rate of isothermal embrittlement was a
lot less than in the binary Fe-P alloys ie carbon had a

strengthening effect on grain- boundaries.

Direct evidence for the segregation of phosphorus to grain

boundaries was obtained in 1958 by Inman and Tipler (90). The



emnrittlement of an Fe-0.09%P allby was studied by bend tests.

They found ductile behaviour of the alloy at room temperature, but
it failed in a brittle intergranular manner at -78°C when furnace
cooled from 1000°C. A short isothermal treatment at 700°C

followed by a water -quench produced a severe intergranular weakness
at room temperature. Phosphorus segregation was detected at the

embrittled grain-boundaries by a radio-active technique.

More recently Stein et al (91) employed AES, a better tool for
the analysis of fractured surfaces in Fe-P alloys than that used
earlier by Inman and Tipler (90). They reported that phosphorus
did segregate to the grain- boundaries in ferrite range but not in
the austenitic range and the segregation did not conform to Gibb's
equilibrium segregation model. This later finding disagrees with

that of Hondros (74).

Hondros (74) attempted to explain this intergranular fragility '
in Fe-P alloys in terms of adsorpfion of phosphorus to the grain
boundaries and consequently lowering of the fracture surface
energy. The segregation of solute to interfaces by the application
of Gibb's theory, namely the reduction of interfacial free
energies have been dealt in detail in section 2.3.1 but here. . its
applicability in Fe-P system would be briefly reviewed following
the measurement of interfacial energies of grain-boundaries by

Hondros (74).

A marked drop in interfacial energy occurred with the
addition of P to pure-iron (74) eg s§Fe at 1450°C, grain-boundary
surface energy dropped from =800 ergs/cm? for pure iron to
=500 ergs/cm? for iron containing 0.15P. As this work referred to

segregation characteristics at high temperatures, almost near to



the melting point of the metal, the values had to be corrected
to the observed embrittlement temperature range of 600°C to
1000°C (74). The grain-boundary concentration Cy at different

temperatures was determined using equation 2.2(3), section 2.3.1.

ile C. = AC exp (E/RT)
tEe b 1 + AC exp (E/RT)

A was taken as unitvy. E was estimated to be 16000 tals/gm-atom
-from the grain-boundary adsorption isotherm. The results are shown
in figure 21. This curve shows that the grain-boundary concen-
tration of solute increases with decrease in temperature and

the extent of segregation is less in the y-phase. From these
predictions the concentration of solute at grain boundaries in

the embrittlement temperature range of 600-1000°C can be

estimated (57,90). At 800°C this treatment predicts about

0.7 of a monolayer of phosphorus at the grain boundaries. This
work of Hondros (74) gives qualitative support to the view that

the intergranular weakness of Fe-P alloys may be attributed to

the presence of nearly a monolayer of solute at the grain
boundaries. The detailed mechanism of the weakening action is
however still not clear but at least it can be said that the
preéence of nearly a monolayer of phosphorus will create

potential intergranular fracture path with reduced energy

requirements as explained in section 2.1.5.

Recently in another investigation (91) the grain-boundary
embrittlement of pure iron due to P, Sb and S has been studied
using fracture appearance transition temperature (PATTOC) |
measurement and Auger Electron emission spectroscépy to énalyse the

fractured surfaces. These studies actually confirmed that the



embrittlement occurring:h1thesealloy$was different from the
reversible temper  embrittlement which is generally
éssociated with low-alloy steels. The embrittlement associated
with these binary and ternary alloys of Fe-P, Fe-P-S and

Fe-Sb-S was found to be irreversible and the segregation of
impurities occurred at all temperatures in ferrite and did not
follow Gibb's adsorption mechanism. It is thought that possibly
some type of phase, type of grain boundary (austenite-ferrite or
ferrite-ferrite) or the vacancy solute interaction near the
boundary in o-phase may be responsible for this non-equilibrium

segregation.

2.2.4 Inter-relation of Grain-Boundary Embrittlement in Fe-N,
Fe-P, Fe-P-C alloys with Temper brittleness and
"350°C embrittlement"

Comparing the sensitivities of embrittlement by isothermal
treatment, the embrittlement in Fe-P alloys, as measured by the
brittle-fracture stress at -196°C was more severe than that of
Fe-P-C alloys. (57) It was found that the degree of embrittlement
in Fe-P-C alloys (57) could be of the same order as that found in
the phenomenon of temper-brittleness in low-alloy steels, as
measured by the rise in the impact transition temperature. The
time required to develop the brittleness in Fe-N and Fe-P alloys
was ~ minutes whereas that in Fe-P-C alloys it was ~ hours.

Thus the addition of carbon was found to reduce the severity and
the rate of development of intergranular brittleness in Fe-P
alloys and thus making the situation comparable with temper
brittleness in commercial steel. On the basis of similarities
between intergranular brittleness in Fe-N, Fe-P, Fe-P-C alloys

and temper brittleness in low-alloys steel, they can be briefly



compared‘as follows:

Intergranular Brittleness in
Fe-N, Fe-P and Fe-P-C alloys

Temper Brittleness in Steels

(1) The brittle fractures are
partly intergranular and in
Some cases completely inter-
granular as a result of
reduction of the grain-
boundary strength below the
cleavage strength possibly
through segregation of

N, P, etc. (89,57,90).

(2) The maximum embrittle-
ment was obtained by

heating in a certain
temperature range and it was
less above and below that

temperature range. (89,57)

(3) The embrittlement in
Fe-P, Fe-N alloys occurred
very rapidly and the
temperature of maximum
embrittlement was higher

than that in steels. (90)

(1) The brittle fractures are
also partly or in some cases
completely intergranular as a
result of reduction of the
grain-boundary strength below
Cleavage strength‘through
segregation of solutes P, As,

Sn, Sb. (92,93)

(2) Similarly in steels, the
maximum embrittlement occurred

over a certain temperature

-fange. The degree of embrittle-

ment became less at tempera-
ﬁures above this range but for
iower temperatures, the
émbrittlement occurréd after

a long time. (94).

(3) The embrittlement in

steels reported (94) was less
rapid and the temperature of
maximum embrittlement wasilower
than that in Fe-P and Fe-N
alloys. The embritflement

kinetics was comparable to that

in Fe-P-C alloys.




(4) There occurs severe (4) The embrittlement is less
embrittlement in Fe-~P and severe than that in Fe-P, Fe-N
Fe-N alloys under same alloys. The embrittlement has
conditions of heat treatment similar characteristics to that
but the addition of carbon in Fe-P-C alloys.

to Fe-P alloys leads to
comparable situations with

steel.

On the basis of comparison outlined above, it was suggested
by Hopkinsand Tipler (57) that temper-brittleness in steels
could be a mild form of the intergranular brittleness in Fe-P

and Fe-N alloys.

The influence of nitrogen in a 3%Ni-Cr steel has been
reported by Capus (63); room temperature impact properties -of a
high purity steel and of one containing 0.02% nitrogen are shown
in figure 22. Nitrogen appears to have a severely embrittling
effect, particulafly when tempering temperatures between 200°C
and 350°C are used (ie the tempering temperature causing
embrittlement is lower than the range required to induce embrittle-
ment in steels containing other impurity elemgnts). The
conclusion of Schrader, Wieéggr and Siepmann, that the presence
of nitrogen in steels could result in 1"350°C embrittlement" was
thus confirmed by Capus (63). It is clear, however, that

nitrogen is only one of several elements which are liable to have

this effect.

In steelscontaining nitrogen the fractures were predominantly

intergranular after tempering in the embrittling range, whereas



steels containing other trace elements showed little evidence

of this type of fracture. The fact that commercial steels also
show intergranular fracture when embrittled by tempering in that
region supports the conclusion that nifrogen is an important

factor in relation to "350°C embrittlement'.

A clearer comparison of the relative influence of the
respective trace elements on impact values at various strength
level is given by the room temperature impact value/hardness curves
in figure 23 relating to quenched and tempered high-purity steels
and some steels of similar base composition but containing

embrittling elements(N, P, Sb, As).

These results suggest that the impact properties of hardened
and tempered commercial low-alloy steels are controlled to a
large extent by the presence of impurity elements. The presence
of phosphorus and nitrogen is certainly significant in relation
to the occurrence of "350°C embrittlement" whilst other impurity
elements, for which the steels are not usually analysed, may

also contribute to embrittlement.

2.2.5 Segregation Predictions in Ternary Systems

It is thought (95) that if a ternary element is added
in the binary solution of an impurity in a metal, then the
solubility ofézﬁ;urity will be decreased and thus increasing the
segregation of that impurity to the grain -boundaries. Indeed
McMahon and his co-workers (118) (97) have‘demonstrated that
this is the case for Fe-Ni-Sb, Fe-Ni-Sn and Fe-Cr-Sn. Seah
and Hondros (78) found that if there exist a strong chgmical

attractive interaction between the substrate and the aéSorbed
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Guttmann actually tried to emphasize the link between
limited solubility and segregation potency in ternary systems.
It was felt as both these phenomenon express the tendency of the
solid solution to reject the impurity first as a segregate than
as a precipitate, so fhey should have some parameter in common
and this péraméter Guttmann identified as the interaction

coefficient, oy -

In the absence of thermodynamic data to evaluate dMI an idea
of the strength of the interaction between the elements M and I
can be obtained from the heat of formation of compounds based

on the elements M and I.
*
¥

It is interesting to see that various recent experimental
work has supported Guttmann's theory. Clayton and Knott (100)
showed that Guttmann's segregation equations fitted their
segregation measurement of Ni and Sb as did the data of
Mulford (101) for Ni and P. Even in systems where a behaviour
typical of temper-embrittlement had not been suspected, this
type of ternary segregation was found to occur. In a high-
purity ternary alloy Fe + 2%Mn + 1200ppm Sb, a strong
segregation of N was detected (95) besides that of Sb and Mn,
although the N content was < 10 ppm. This work by Guttmann
clearly explained a strong Mn-N interaction when SN 39000
Cal/g—atom,rggmﬁared to dFeN = 1500 cal/g-atom which yielded
&MnN = 37500 &al/g-atom. In the presence of Si and/or Al
nitrogen did not embrittle the steels because of very high
interaction between aluminium, silicon and nitrogen
(aSiN = 100,000 cal/g-atom, apN = 150,000 c¢al/g-atom). On this
basis it was suggested that Al addition was beneficial in

elimihating brittleness associated with nitrogen.



Another interesting situation was found in rotor steel (95)
where a strong segregation of Cu was observed besides that of
P, Sn, Ni, Cr and Mo. Generally, Cu was not expected to
segregate in Fe because of its relatively high solubility, but
in the pfesence of strongly segregated P, it did segregate

since &CuP = 45000 cal/g-atom.

2.2.6 Grain-Boundary Embrittlement due to the Precipitation of
AIN, TiC,letc.

Embrittlement due to the precipitation of AIN

In 1960, Woodfine and Quarrell (102) examined in detail
the effect of 'Al' and 'N! 6n the occurrence of "intergranular"
or '"rock-candy" fracture after the work by Lorig and Elsea (164)
who concluded that the precipitation of AIN on the primary
austenite grain boundaries could be the major cause of
intergranular fracture in Carbon and low-alloy steel castings.
Woodfine et al (102) also suggested that AIN could produce a
form of intergranular fracture in cast steels. They also
studied the effect of Ti and Zr additions with and without
aluminium as the nitrides formed by Ti and Zr were more stable
than AIN. It was found that intergranular fracture could be
avoided in these steels by deoxidation with Ti or Zr or
by using Ti in combination with Al. It was found that AIN -
could be taken into solution in austenite by heating in the
range 1100-1250°C and on quenching integranular fracture could
be eliminated,but if the steel castings were slowly cooled after
solidification or held in the temperature range 800-1100°¢C,
grain-boundary weakness would result with the precipitation of

AIN at the austenite grain-boundaries established by the
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believed to play a role only in the advanced stage of the
embrittlement but later on, Johnson and Stein (106) examined
the cause of this thermal embrittlement by employing Auger
Electron Spectroscopy and showed that the embrittlement was
directly correlated with segregation of Ti and C to the prior-
austenite grain boundaries. They proposed that embrittlement
was due to a subsequent reaction of Ti and carbon to form
carbides at the boundaries. It appears from this ﬁork that
~the thermal embrittlement in maraging steels require the
presence of Ti and C(N) at the prior-austenite grain: boundaries

The mechanism suggested by Thomas (107) is that a too high
solution treatment of maraging steel leaves Ti and C in solid
solution in sufficient amounts to cause the precipitation of
TiC during subsequent slochooling‘and.on intermediate

hase
annealing treatment in the austenitic/;egionmf

2.3 Temper-Brittleness in Iron-base Alloys

2.3.1 History of the Problem

In 1917 it was found (108) that the notch-toughness
properties of quenched and tempered low-alloy steels were
severely affected if after tempering at 600°C, the steels were
either slowly cooled or reheated in the temperature range of
350-5500C. Problems were encountered in assessing the degree.
of brittleness in embrittled steels. Considerable attempts
were made to understand the nature of the embrittlement
problem and how different measures could be adopted to comﬁat
it. Initially many confusing theories were developed to under-

stand the brittleness exhibited by such steels until in 1919,



Greaves (109) indicated some of  the characteristics observed at

that time.

(1) Steels of more of less similar composition might show
variation in degree of brittleness when subjected to the
same conditions of heat'tréatment.

(ii) Notch-toughness decreased as the austenitising
temperature was increased.

(i1i) Reheating in the temperature region of around 500°C caused
embrittlement irrespective of the subsequent cooling rate.

(iv) An initially tough steel could be embrittled if slowly
cooled or reheated in the critical temperature range.

On the other hand an embrittled steel could be made tough
by reheating above 600°C and rapidly cooling. For this
reason the embrittlement was named as reversible

brittleness.

Later on during 1920-25, Greaves and Jones (110)
demonstrated the effect of isothermal holding on degree of
embrittlement at different temperatures especially in the
critical temperature range. It was found that embrittlement could
be increased with increasing time 1in the critical temperature
range. The experiments were performed on Ni steels and it was
shown that the presence of phosphorus, manganese and chromium
enhanced the embrittling characteristics of the steel. This
essentially showed an interaction of alloying elements with
impurities. Molybdenum was found to be beneficial to some
extent and was argued thaf molybdenum exerted merely a

delaying action on the embrittlement process.

In early work the problem of deciding some measure of

susceptibility to embrittlement was solved by taking into account



the susceptibility ratio which was defined as the ratio of the

fracture energies of quenched and slowly-cooled specimens.

Fracture energy of quenched specimen

Fracture energy of slowly-cooled
specimen

Susceptibility Ratio =

This method of comparing the susceptibility of steels to temper
brittleness was found to be false when Jollivat and Vidal (111)
introduced the concept of ductile-brittle transition
temperature in the understanding of this type of brittleness

in 1944, It was found that the ductile-brittle transition
temperature could be shifted to higher temperatures if the
degree of embrittlement was increased either by isothermal

holding or slow:cooling in the critical temperature range.

By 1946, a clearer pictufe of the problem started emerging
when Hol ioman (112) plotted the results of Greaves and Jones
(110) to show the effect of isothermal holding at different
temperatures on temper -brittleness. It was found that
embrittlement exhibited C-curve behaviour. The similarities
of C-curve kinetics with other phase-transformations curves gave
rise to theories that some sort of mechanism like precipitation
from a-iron might be responsible for such brittleness and
weakness at the prior-austenite grain boundaries. At 600°C
ie above the embrittlement range, the precipitate might dissolve
and cause de-embrittlement effect in steels;r?ﬁ'it.was also specu-
lated that the rate of such precipitation was maximum at 500°C
and possibly this precipitation might be through a diffusion
controlled process. Different types of precipitates such as
oxides, phosphides, carbides and nitrides were suggested to

precipitate from «-iron during embrittlement treatment. The



possibility of nitrides was highly févoured by Holloman (112) and
thought that perhaps the alloying elements act through changing the

solubility of nitrogen in ferrite.

In 1950, Jaffe and Buffum (113) confirmed the original
C-curve behaviour of temper-embrittlement process and it was
suggested that the composition of the steel was the predominant
factor affecting the rate of embrittlement and the maximum
temperature at which embrittlement occurred.Other research
workers supported this idea by studying isothermal embrittlement

and step-cooled embrittlement in the critical temperature range.

In his review (93) in 1953, Woodfine tried to give a more
exact picture of the understanding of the problem of tempef“
brittleness and showed how grain'coarsening can be harmful in
temper -brittleness. The response of different microstructures
from pearlite to martensite was studied in enhancing the
brittleness. Temper -brittleness was found to be less in

pearlite than in martensite in a Ni~Cr steel.

In 1959, Steven and Balajiva (80) finally showed that
different types of impurities are responsible for this brittleness.
The impurities such as P, As, Sn and Sb and to a lesser extent
~Mn and Si were suggested to be associated with temper brittleness.
The embrittlement was found to be absent in their high-purity
alloys based on Ni-Cr. An attempt was made to explain the role of
carbon by studying impurity-doped plain-carbon steels. However,
brittleness was not experienced in these steels even>in the
presence of impurities. This showed that anothef factor was
required other than the presence of impurities to produce
brittleness. This factor could be either carbides, major alloying

elements or some phase itself.



Low et al (114) showed that the presence 6f major alloying
elements like nickel, chromium, was essential along with the
impﬁrities (P, As, Sn, Sb) in order for the alloys to embrittle.
The studies were made using autoradiography and electron
microscopy to find any grain-boundary precipitation or
segregation. But carbide morphology was found to remain
unchanged before and after embrittlement. Carbon extraction
replicas even failed to show any precipitation on grain-

boundaries.

There has been different proposals about the behaviour of
alloying elements in temper-embrittled steels. Low et al (114)
found that alloying elements are merely enhancers of impurities
through affecting the diffusion kinetics of impurities. Capus
(115) suggested a double segregation model and proposed that
alloying elements segregate during austenitising to make sites
of chemical attraction for impurities which segregate during the
subsequent embrittling treatment. Alternative opinion was
made by Restaino and McMalon (116) that pre-segregation of
impurities might occur during austenitising as P, As; Sn, Sb are
- ferrite stabilizers and thus during austenitising treatment
these impurities will segregate to y-boundaries. However, recent
work involving the use of Auger Electron Spectroscopy (AES)
and back-scattering of energetic ions (BEI) has not supported
the suggestion of segregation during austenitising. Most of
the research workers after using these analytical techniques
agreed that segregation of impurities and alloying elements took
place during the embrittling treatment. An exception is due to

Shultz and McManon (117) who detected the prior segregation

of P in Ni-Cr-Mo steels.



More recently McMahon et al (118) demonstrated in Ni-Cr steel
that Ni and Cr decrease the solubility of Sb and Sn in o-Fe at
certain temperatures and thus increased the tendency of these
solutes to segregate to grain boundaries at these temperatures.
The driving force resulting from misfit strains in the solvent
lattice associated with these impurity elements (Sb and Sn) were
also suggested to be an additive effect for segregation of Sb and
Sn. This work has at 1last given some qualitative explanation
of the role of alloying elehents in temper brittleness, which has
- been reinforced with Guttmann's theoretical analysis of segre-
gation in ternary alloys of iron (95) discussed previously in

section 2.2.5.

In an early attempt by Woodfine et al (93) to emphasize the
effect of microstructure on temper brittleness, Low et al (114)
gave his interpretation that impurity segregation might affect the
strength of carbide-ferrite interfaces and make such interfaces
an easiest propagation path for brittle cracks. Guttmann and
Krahe (119) in their explanation about the influence of micro-
structures classified the boundaries in the lath-martensite steels
into two main categories. The boundaries of low-porosity ie the
interlath boundaries and the boundaries of high-porosity ie prior-
austenite grain boundaries and interpacket boundaries and they
suggested that even though the segregation of impurities might
occur to both o and y boundaries but y-boundaries are geometrically
more favourable for the propagation of brittle cracks. The
investigation by Viswanathan et al (120) showed the effect of
long-time isothermal embrittling treatment in NiCrMoV steel and
suggested that the temper-brittleness exhibited by such steels

is affected by the strength level of steel, carbide morphology and
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