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The Martensitic Phase Transformation and Texture Development in Hadfield’s Steels
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Abstract Texture development and martensitic phase transformation, on rolling, are compared in two
Hadfield’s steels, one having low carbon content(0.65wt% C), the other high carbon content(1.35wt%).
In spite of small difference in stacking fault energy(about 2 mJm™2) between two Hadfield's steels, the
differences in texture development are observed. In low carbon steel, the textures developed are similar
to those of low stacking fault energy metals in low strain range. However, the abnormal textures such
as {111} <uvw>, {110} <001> are strongly developed at high strain, which are due to the disturbance
of @ martensite in the development of textures formed at the packets of shear bands or at the grain
boundaries. In contrast to low carbon Hadfield’s steel(LCHS), the texture development of high carbon
Hadfield’s steel( HCHS) is similar to those of low stacking fault energy metals in the whole strain range.
This may be due to the fact that the amount of deformation induced martensite was small, as observed
by A.C. magnetic susceptibility and iron particle tests.

INTRODUCTION

The Hadfield’s steels”, which contains 10 to
14% Mn and 1 to 1.4% C, are used widely for
many applications because of its outstanding
resistance to abrasion are high work hardening
rate. However, the influence of carbon in the
development of deformation texture and phase
transformation in Hadfield's steels(HS) has
not been studied in detail.

Development of textures in face centred

cubic(FCC) metals has been studied by many
authors on a variety of systems; copper and
brass”- =%, stainless steel® 7, aluminium® '%,
and Hadfield’ steels’ and it is shown that the
texture development is determined primarily
by the stacking fault energy (SFE)'™.

In low SFE metals such as 70-30 brass® and
stainless steels”, {110} <112>, {123} <634>
are developed at low strain range and gradual-
ly become strong at medium strain range. But

{123} <<634> texture is destroyed and strong
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{111} <<110>, {110} <112> are developed at
high strain. In contrast to low SFE metals, the
{123} <634>, {110} <211> and {112} <111
> are developed in low strain range and grad-
ually become strong at high strain range in
high SFE metals such as aluminium and pure
copper® .

Even though it has been reported that the
alloy element carbon has an influence tending
to increase the SFE of HS' and stainless steel
" the SFE difference between two Hadfield's
steels which is used in this study, is measured
quite small(2mJm™*) (Low carbon HS, 0.65%
C : High carbon HS, 1.35% C)'®.

In the present study, the development of tex-
tures accompanying rolling in two HS is exam-
ined as a function of strain using pole figures,
A.C. magnetic susceptibility and iron particle
tests in order to find factors which influence
the texture development.

EXPERIMENTAL PROCEDURE

Slabs of low carbon HS(LCHS, 065 %C)
and high carbon HS(HCHS, 1.35 %C) were
prepared by casting and hot rolling(Table 1).
A specimen was cut from a hot rolled slab into
a suitable size for cold rolling and the cut piec-
es were heat treated to make a homogenised
structure(Table 2). The cold rolling was per-
formed at strains of 20%, 40%, 60%, 80%
and 90%. At each stage, a Smm long specimen

Table 1. Chemical compositions of the Had-
field’s steels used in this study

110.27 10.007]0.005] 0.01 | 0.12 | 0.01

135 13 *‘0.06 [0.016‘10.007 0.010.110.03

Table 2. Heat treatment of the Hadfield’s
stgels

[ C(%) | Temp. | Time [Quench Media
LCHS | 065 [1100“(: 88hrs |  water
HCHS ; 1.35 [1100°C | 72hrs | water

was cut for pole figure acquisition, A.C. mag-
netic susceptibility measurement and the iron
particle test, while the thickness of the sample
was measured to calculate the percentage re-
duction. These samples were then stored below
0°C to minimise recovery effects prior to ex-
amination.

For texture measurement, the deformed speci-
men was cut to dimensions of 20 x 20mm and
the centre was polished mechanically and chemi-
cally(10% oxalic acid) because it is necessary
to eliminate surface texture on the rolling plane.

The polished specimen was mounted in a
pole figure X-ray diffractometer connected to
PDP/11 computer. The rolling direction was
placed parallel to the direction of X-ray beam.
A Co tube(wave length 1.79A) was used be-
cause the absorption edge of Fe is 1.74 A.
(111) pole figures were determined by the
Schulz back reflection techniques using Phillips
PW 1010 X-ray diffraction unit fitted with
PW 1078 texture goniometer. Intensity were
measured every 7.5° along a spiral of 5° pitch
and automatically recorded on a PDP/11 com-
puter. The intensity contours were related to
the intensity obtained from a sample which
had a random texture.

Martensitic phase transformation occurs
during cold rolling. In order to detect the «
phase, which is ferromagnetic, the A. C. mag-
netic susceptibility of each specimen was mea-
sured. For comparison of the magnetic mo-
ments, specimen dimensions were kept con-
stant to within 10% and the volume of each
specimen was calculated by the mass of speci-
men divided by its density. The frequency was
set at 83 Hz and the current at 300mA. In
order to identify the magnetic phase in trans-
verse direction(TD) section of the specimen,
carbonyl iron powder (ferromagnetic) was
spread with a fine brush on TD sections of the
specimens and the results was photographed.

RESULTS AND DISCUSSION

1. Texture development
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Fig. 1. (111) pole figures of rolled LCHS.
(a) €=22% deformation {b) €=39% deformation
(e) e=87% deformation (f) €=92% deformation

{1) Low carbon Hadfield’s steel
The development of texture in LCHS with
increasing strain is shown in Fig. 1 and Table
3. It is found that textures are different from
those of low SFE FCC alloys(SFE<20 mJm~
?) such as 70-30 brass®, 18-8 stainless steel®.
In contrast to the transition textures in 70-30
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(c) €=60% deformation

(f)

(d) €=80% deformation

brass, the transition texture {110}<C001>
which occurs at 39% deformation(Fig. 1(b)),
gradually changes to {110}<112> texture
until 80% defromation (Fig. 1(d)) with yet
improved alignment at 92% deformation. Even
though the strong {110} <<211> texture domi-
nates in 70-30 brass at high deformation(Fig.
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Fig. 2. Volume fraction of various texture components with deformation in pure Cu and two brass(Ref. 5)

Table 3. Major Texture components of LCHS, 70-30 brass and 18/8 stainless steel with strains

1. LCHS
229 10% L 60% 80% 87% 92%
{110} {110} <001 > {111} <uvw> {111} <uvw> {111} <uvw> {111} <uvw>
{oo1} {110} <112> {110} <001 > {110} <112> {110} <112> {110} <001 >
{123} {123} <634> {110} <112> {110} <001 > {110} <001 >
{111}
{112}
2. 70-30 brass*
{011} <211 > {011} <211 > {011} <211 > {011} <211> {011} <211>
{123} <634> {123} <634> {111} <110> {111} <110> {111} <110>
{011} <100> {011} <100> {233} <311> {233} <311> {233} <311>
{112} <111 > {112} <111 > {011} <100>
3. 18/8 stainless steel
{110} <112> {110} <001 > ** {110} <112>

*]. Hirsch and K. Liicke, 1988 [5];
*2 65% deformation

2), the strong texture of LCHS above 80% de-
formation is {111} <<uvw> (Fig. 1 (¢)—(f))
and this {111} <uvw> texture approaches
{111} <110> at 92% deformation (Fig. 1
(f)). However, the {110} <112> texture com-
ponent gradually changes to {110}<<001> at
92% deformation. Moreover, this texture de-
velopment in LCHS is not similar to that of 18
-8 stainless steel which shows {110} <112>
texture during deformation(Table 3). This fact

suggests that the transition texture in LCHS is
different from that of low SFE alloys.

In order to examine the {111} transition tex-
ture in LCHS, the relative intensities of (111)
and (220) textures are calculated from the X-
ray intensity of the specimen(Table 4). The
{110} texture increases rapidly at about 40%
deformation and decreases at about 60% de-
formation, but the {111} texture gradually in-
creases and reaches a similar intensity to the
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Table 4. Relative intensity of (111)/(200),
(220)/(200) and (111)/(220) difraction X~
ray in deformed LCHS

0% |22% [39% |60% (80% |90%
(111)/(200) P| 1 |07 |15 | 1.8 | 1.3 | 1.1
(111)/(200) | 1 (07 |12 |15 |11 1
(220)/(200)P| 1 |12 |38 (14 }12 13
(220)/(200) I 1 | 13(31 |15 16| 2
(111)/(220) P| 1 |06 |04 1.2 1 1.2 |09
(111)/¢220)I| 1 |06 |04 |10} 07 |05

*P and I stand for peak and integral intensity

{110} texture. This corresponds very well with
the results of pole figure diagrams. This im-
plies that in deformed LCHS the {111} transi-
tion textures are broadly distributed and be-
come strongly textured at high deformation. In
other words, the {111} transition texture ex-
ists stably from low strain to high strain, un-
like 70-30 brass, where this texture only oc-
curs at high strain. However, the {110} tex-

ARSI A AS5A AT75 (1995)

ture has a maximum intensity at 40% defor-
mation. Thus, the texture development in
LCHS is mainly composed of two components:
{110} and {111}. The {110} <001> transition
texture has a maximum intensity at about 40
% deformation and its intensity decreases at
high deformation to an intensity similar to that
of {111} <uvw> texture. But the {110} <001
> texture remains as a strong texture compo-
nent, along with {111} <uvw>>, at 92% defor-
mation. However, the intensity of {110} <112
> texture gradually increases up to 80% de-
formation and decreases at 92% deformation.
This implies that the texture development in
LCHS is similar to that of 70-30 brass at low
strain (up to 60% deformation), but is quite
different from the low SFE alloys at high de-
formation(>60%).
(2) High carbon Hadfield's steel -

The development of texture in HCHS with
increasing strain is similar to that of 70-30
brass(Table 5, Fig 3). The intensity of {110}

Table 5. Major texture components of HCHS with strains

Def. 20% 40% 60% 80% 87%
texture {001} {110} <001> | {111}<<uvw> | {110}<001> {110} <112>
{123} {123} <634> {110} <001> {111} <110> {111} <110>
{112} {110} <112>* | {110}<112> {110} <112>
{111} {123} <634 >
{113}

*minor component

< 001> and {123} <634> transition textures
is strong at 40% deformation and decreases
with increasing deformation. But the transition
texture {111} <<uvw> occurs at about 60%
deformation and strongly exists until 87% de-
formation. When the results are compared
with texture development of 70-30 brass, it is
suggested that the SFE of HCHS is similar to
that of 70-30 brass.

In order to examine the {111} and {110}
transition textures in HCHS, the relative inten-
sities of (111) and (220) X-ray diffraction is

Table 6. Relative intensity of (111)/(200),
(220)/(200) and (111)/(220) diffraction X-
ray in deformed HCHS
20% |40% |59% [80% |87 %
15123149 |57 |22
13 121|140 45124
1 |1565)50 |11 5.0
1 |152143|102] 7.1

121010804 |05
14 101 |10 ]05]04

Deformation |{0%
(111)/(200) P
(111)/(200) I

(220)/(200) P
(220)/(200) I

(111)/(220) P
(111)/(220) 1

*P and [ stand for peak and integral intensity

[ e [ P
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revised in Table 6. The (220)/(200) X-ray in-
tensity increases very rapidly at 40% deforma-
tion and decreases at 60% deformation. How-
ever, the (111)/(200) X-ray intensity ratio
gradually increases up to 80% deformation
and decreases at 87% deformation. As dis-
cussed in ref. (1), this maximum {220} X-ray
intensity at 40% deformation is due to the
{110} < 001> transition texture and this tran-
sition texture gradually changes to {110} <

Max Int = 489

Max Int = 456.9

400
300

- 200
° {l - 125

Max Int = 244

Max Int = 281
- 250
- 200
- 150
- 125

100

Fig. 3. {111) pole figures of rolled HCHS

(a) €=20% deformation (b) €=40% deformation
(c) €=59% deformation (d) e=81% deformation
(e) €=87% deformation

112> texture with strains (Fig 3 (c), (d),
(e)). Even though the {111} X-ray intensity
gradually increases up to 80% deformation,
the {111} <uvw>> transition texture occurs
at 60% deformation in (111) Pole figures
{Fig. 3(c)). These facts correspond well with
the texture development of 70--30 brass.
2. Martensitic phase transformation
{1) Low carbon Hadfield's steel
The measured values of A.C. magnetic
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susceptibility are illustrated in Fig. 4. The
magnetic susceptibility, which are supposed to
increase due to the BCC phase transformation,
(@ martensitic transformation, ferromagnetic)
rapidly increases at about 40% deformation.
This appears to be related to the formation of
shear bands because the shear bands begins to
appear at about 40% deformation'®. In order
to identify the magnetic phase, occurring at 23
%, 38%, 54% and 69% deformed LCHS, fer-
romagnetic carbonyl iron powder, was spread
with a fine brush on TD sections of the speci-
mens. The results are shown in Fig 5. At 23%
or 38% deformation, the iron particles are dis-
tributed randomly over TD section, which im-
plies that the deformation twins or stacking
faults'® which formed within this deformation
range have nothing to do with the magnetic
phase transformation of LCHS. However, in
54% and 69% deformed LCHS, the iron parti-
cles are distributed on darkly etched areas
such as shear bands. This facts correspond
with the results of A.C. magnetic susceptibility
measurements. It is implied that the favourable
sites for martensitic phase transformation are
either at the boundaries of the packets of
shear bands or at the grain boundaries'®.

As is shown in Fig. 5 (e), the iron particles
grow upright at the boundaries of packets of

@ LCHS (0.65 % C)
800F o ucHS (1.35 % ©)

600

1.00’-

Intensitv of magnetization

0 20 0 60 80 100
Rolling Reduction (%)

Fig. 4. Relative intensity of magnetization of LCHS
with various rolling reductions at room temperature.

shear bands or at the grain boundaries. This
suggests that the magnetic phase has a pre-
ferred magnetized texture which induced the
ferromagnetic phase. The fact could be ex-
plained using the direction of easy magnetiza-
tion in FCC metals and the texture develop-
ment in LCHS. The direction of easy magneti-
zation of FCC Nickel is the body diagnals <
111>'") and the texture developed at about 90
% deformation in LCHS is {111} <uvw> and
{110} <001>. According to the Bain corre-
spondence, the orientation relationship be-
tween y phase (FCC) and a phase (BCC) in
martensitic phase transformation of stainless
steel is (111),//(011),, [101] //[111],.
Thus, we can draw the schematic martensitic
phase transformation as in Fig. 6. There are
two possible configurations of unit cells in 92
% deformed LCHS: (a) {110} <001> rolling
texture and (b) {111} <uvw>> rolling texture.
Thus, on a TD section of deformed LCHS, the
orientation of the y phase could be (110)[110]
or (110), [110]. This orientation is the most
favourable for the ¢ martensitic phase trans-
formation, ie. the possible {110} <111> @
phase could occur in the shadow region in Fig.
6. In other words, the preferred magnetization
along the <111> direction of a (BCC) phase
occurred perpendicular to TD section of de-
formed LCHS. This preferred magnetizaiton
grows parallel or 35° to rolling direction (RD)
because (111), plane aligned to such angles to
rolling direction in the unit cells as in Fig. 6.
This corresponds with the upright stature and
parallel or 35° extension of iron particles to
RD on TD section of LCHS. »

Thus, the @ martensitic phase transforma-
tion occurs at the boundaries of packets of
shear bands or at the grain boundaries after
about 40% deformation. This could be related
with the formation of shear bands which would
supply the favourite sites for @ martensite for-
mation. This @ martensite formation is thought
to disturb the development of texture in LCHS
because the Bain correspondence, the orienta
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tion relationship (111),//(110),, [101], //[1
11], between e and y phase, is also valid in de-
formed LCHS, as confirmed by texture devel-
opment and the iron particle test.
(2) High carbon Hadfield's steels

In contrast to LCHS, the A.C. magnetic
suscepibility value is relatively low at high de-
formation as shown in Fig. 4. This implies that

Fig. 5. Microstructure of rolled LCHS which is dis-
persed with mono-carbonyl iron powder, x 50 Etchant:
Cr:0:+H,PO, and Marble’s reagent. (Trace of rolling
plane horizontal)

(a) 23% deformation (b) 38% deformation (c) 54%
deformation (d) 69% deformation (e) 69% deforma-
tion

the amount of @ phase transformation is small
compared to that of LCHS.

The results of the iron particle test is shown
in Fig. 7. At 21%, 42% and 61 % deformation,
the iron powder particle distributed homogene-
ously, but at 81% deformation the iron parti-
cles are attracted to the boundaries of packets
of shear bands or grain boundaries (Fig 7(d)).



866 B adts 2] AS5W A7E (1995)

(¢ 770)

(a)

(b)

Fig. 6. Schematic drawing of a martensitic phase transformation using the results of rolling texture and the Bain ori-
entation relationship between y (FCC) and @ (BCC) phase. The shadow is the most possible regions that the o

martensitic phases can be observed.
(a) (110)<001> texture

(b) (111) <uvw>>texture

RD: Rolling direction,

TD: Transverse direction

RP: Rolling plane

TP: Transverse plane

This implies that the favourite sites for «
martensitic phase transformation are grain
boundaries or at the boundaries of packets of
shear bands in deformed HCHS, which is simi-
lar to LCHS.

In contrast to LCHS, the iron particles are
distributed nearly parallel to RD on TD section
at 81% deformation (Fig. 7(d)). This implies
that <111> easy magnetization of @ phase
(BCC) would be aligned parallel to TD section.
This fact can be explained by the texture de-
velopment in HCHS. As described in texture of
HCHS, the major texture is {110} <112> and
{111} <110> at about 87% deformed HCHS.
This texture and the Bain orientation relation-
ship between y and @ phase would produce the
(111)[111] and (112)[112] normal to the
TD section (Fig. 8), which would most likely
produce strong magnetization (<111>BCC)
parallel to the TD section or at 35° to RD be-
cause (111) aligned to such angles to RD in
the unit cells as in Fig. 8. In other words, the
direction of magnetization would be parallel or

in some angles to RD section of specimen. This
fact corresponds with the results of the iron
particle test (Fig 7(d)):i. e. in some area, the
iron particles are distributed nearly parallel to
RD (marked A in Fig 7 (d)) but in other area
the iron particles are aligned about 20° to RD
(arrow marked in Fig. 7(d)).

Thus, it is thought that the small amount of
« martensite formation in HCHS does not dis-
turb the development of texture.

CONCLUSIONS

(1) The texture development of LCHS is
similar to that of low stacking fault metals at
low strain range. However, the abnormal
{111} <uvw> and {110}<001> texture is
strong at high strain (92% deformation) and
the intensity of A.C. mignetization is high at
this strain. This implies that the formation of «
martensite at the packets of shear bands or at
the grain boundaries, disturbs the texture de-
velopment of LCHS at strain>60%.

(2) In contrast to LCHS, the texture devel-
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Fig. 7. Microstructures of rolled HCHS which is dispersed with mono-carbonyl iron powder, Etchant: Cr:O;+HPO,

and Marble’s reagent.

(a) 21% deformation (b) 42% deformation (c) 61% deformation (d) 81% deformation

(Trace of rolling Plane horizontal)

opment of HCHS is similar to that of low SFE
metals in the full range of strain, which is well
corresponds with low intensity of A.C. magnet-
ic susceptibility value. In other words, the de-
formation induced ¢ phase transformation at
the packets of shear bands or at the grain
boundaries does not disturb the development of
texture because the amount of @ phase trans-
formation is small.
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