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ABSTRACT

Purpose: The study on structure-property relations of heavily cold worked and aged martensite in two high-
alloy structural steels was presented. The aim was to understand properties of the sheet products better and thus
extend applications of the newly developed cobalt-free maraging and precipitation hardening stainless steels.

Design/methodology/approach: Mechanical tests were performed on cold rolled and aged specimens.
Microstructures were analyzed using TEM and SEM. The crystallographic texture was analyzed by means of

X-ray diffraction and ADC method.

Findings: In the process of cold working and ageing both high alloy steels studied could develop yield strength
in excess of 1600 MPa. The main strengthening mechanism was precipitation hardening, while work hardening
contribution to the strength was very limited. Overaging commences after prolonged treatment above 500°C,
and in both steels could be related to reverted austenite. The texture developed by cold working was the one

known as rolling texture type.

Research limitations/implications: In this study the advantage is taken of the high strength that is developed
by cold working followed by ageing. Further research is needed for the sheet or strip produced by cold working

and annealed before fabrication.

Practical implications: The properties of the high alloy steels studied make them suitable for advanced sheet
applications, e.g. as an airborne structural equipment. After welding, strength of the precipitation hardening
steels could be largely restored by ageing, because their strength does not rely on strain hardening.

Originality/value: Analysis of the cold worked properties, microstructure and texture, allowed for better
understanding of the microstructure-property relationships in the low strain hardening high alloy sheet steels.
The results obtained are of practical value for the development, production and manufacture of the ultra-high

strength sheet steels.
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1. Introduction

Cold working is a common process in the technology of steel
production as well as a mean to enhance steel properties or impart
a desired shape [1-5]. Particularly often the cold forming
operations are used in stainless steel production [6-9]. Very little

data exists on cobalt-free maraging steels cold working response
[10,11]. The majority of cold rolling operations are carried out to
produce sheet or strip with good surface finish and the cold
worked product is then softened by an annealing treatment, before
fabrication. However, there are applications where advantage is
taken of the high strength that is developed by cold working
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followed by ageing. In the present paper two types of the high
alloy martensitic steels precipitation hardened with titanium,
based on systems Fe-Ni-Mo-Ti (cobalt-free maraging steel) and
Fe-Cr-Ni-Mo-Ti (precipitation hardening stainless steel) were
studied. For those steels the combined effects of cold working and
precipitation hardening was analysed. These steels have very low
work hardening characteristics required for severe cold working
processes. The composition of the steels is so balanced that some
amount of the residual (retained) austenite may be found on
various stages of processing, but the final products should be
austenite free. In precipitation hardening stainless steel, apart
from austenite, also the delta-ferrite should be avoided, because of
its known detrimental effect on the mechanical and corrosion
properties. Stainless steels with high work hardening, including
metastable steels that undergo rapid transformation from austenite
to martensite during working, were described elsewhere [12-15].
While basic properties and microstructures of cobalt-free and
other maraging steels in the form of bars were analysed in
[16-17].

The crystallographic texture evolution during sequential
deformation and heat treatment processes in high strength steels is
still not well recognized [10-11, 20], despite its known influence
on some mechanical or/fand physical properties in many
polycrystalline materials [19-20]. In particular, the presence of
well defined {111}<uvw> fiber texture (y-type fibre), is
responsible for excellent drawability of an interstitial-free steels.
Additionally, the application of orientation distribution function
(ODF) analysis enables the detailed study of formation of texture
components on every stage of processing, including the
dependence on precipitation processes, microstructure, starting
texture and the presence of different alloying elements. The
properties of the high alloy steels studied make them suitable for
advanced applications, e.g. as an airborne structural equipment,
made of sheets, particularly for elevated temperatures usage,
where lower alloy steels soften rapidly. After welding strength of
the precipitation hardening steels can be largely restored by
ageing, because their strength rely on ageing rather then strain
hardening. This is in contrast to austenitic stainless steels (as e.g.
AISI302 18Cr/9Ni grade), which could also develop high strength
by cold working, but they have low ductility and irreversibly
loose high strength after welding.

2. Material and methodology

2.1. Material

All of the experiments were made with the 78 kg laboratory
vacuum melted steels, precipitation hardening stainless (PHSS)
and cobalt-free maraging steels, based on the Fe-Cr-Ni and Fe-Ni-
Mo matrix, respectively, Table 1.

The steels were first forged to 100 mm square billet, then hot
rolled to 40 mm slabs and finally - after annealing and surface
cleaning - cold rolled to sheets, without any intermediate anneal.
In the form of hot rolled products, as small diameter bars or slabs,
the steels studied normally have microstructure of well
distinguished prior austenite grain boundaries with packets and
laths of martensite, Fig. 1.

Table 1.
Chemical compositions of the high alloy steels studied

Element PHSS Co-free maraging steel
(melt s27) (melt s26)
C 0.02 0.03
Mn 0.14 0.14
Si 0.06 0.06
P 0.010 0.010
S 0.010 0.010
Cr 10.5 -
Ni 11.7 17.5
Co - -
Mo 1.46 45
Ti 1.34 1.1
Al 0.05 0.04
N - -

Fig. 1. Microstructure of the cobalt-free maraging steel after hot
deformation and heat treatment (annealing and ageing)

2.2. Methodology

The steel microstructure was investigated using routine
metallographic procedures of optical, transmission and scanning
electron microscopy. Optical microscopy specimens of the cobalt-
free steels were prepared by etching in 10% HNO;, while the
precipitation hardening stainless steel specimens were electrolytic
etched in 50% HNO:..

To study the texture, three incomplete X-ray pole figures
(110), (200), (211) were collected using Siemens D5005
diffractometer with filtered cobalt radiation and open Eulerian
cradle. Schultz reflection technique was used. The measured Chi
range was 0° — 70° in steps of 5° and Psi range has been 0° — 355°
with 5° increments. The measured pole figures were corrected for
defocusation effect and background intensity. ADC method was
applied to calculate orientation distribution function (ODF) by
means of Labotex software - version 3.0.

Austenite fraction was determined using Averbach-Cohen
method. Philips PW 1140 diffractometer with cobalt radiation and
graphite monochromator on the diffracted beam was used to
measure three pairs of diffraction lines of o and y phase: (111),,
(110),, , (200), , (200),, , (220), , (211),, .
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3. Properties and microstruc-
ture of cold rolled sheets

Selected cold reductions values during sheet rolling and
corresponding values of hardness and austenite content are given in
Table 2. Significant amount of austenite was found in the PHSS
steel after annealing (~12%). This austenite disappeared in the
course of cold deformation. No austenite was observed after
annealing in the cobalt-free steel. Only small hardness increase, up
to 10%, results from cold rolling of the steels, Table 2. Example of
microstructure obtained after cold rolling is shown in Fig. 2, which
was very different from that after hot rolling, Fig. 1. Instead of well
defined lath martensite structure, the elongated bands are seen.

Table 2.
Cold working data for selected stages of deformation of PHSS
steel and cobalt-free steel

_Sheet Cold reduction Hardness Austenite
thickness % HY content
mm %
PHSS steel
3.6 - 318 12.2
3.3 8 342 <1
1.7 53 357 <1
0.9 74 351 -
Cobalt-free steel
3.8 - 298 <1
1.8 52 318 <1
2.05 46 331 <1

Fig. 2. Microstructure of the PHSS sheet after 74% cold reduction
(0.9 mm sheet; polish vertical to sheet surface in the rolling
direction)

4. Crystallographic texture
of the cold rolled sheets

The texture developed by cold working was the one known as
"rolling texture type" found in many metals and alloys with body
centered cubic (bcc) crystal structure. The results of texture
analysis of both kinds of steels are presented in Figs. 3-4. In
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Fig. 3, orientation distribution function (ODF) representation of
PHSS steel for ¢; = const, with A¢; = 5° (Fig. 3a) and ODF
sections for ¢; = 0° (Fig. 3b) and ¢, = 45° (Fig. 3c) are presented.

a)
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Fig. 3. Orientation distribution function (ODF) representations of
the rolling textures of PHSS steel (Fig. 3a — ODF representation
for ¢, = const, with Ag; = 5°, Fig. 3b — ODF section ¢, = 0°, Fig.
3c - ODF section ¢, = 45°)
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a)
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Fig. 4. Orientation distribution function (ODF) representations of
the rolling textures of cobalt-free maraging (Fig. 4a — ODF
representation for ¢, = const, with Ag; = 5° Fig. 4b — ODF
section ¢ = 0°, Fig. 4c - ODF section ¢, = 45°)

Cold worked high alloy ultra-high strength steels with aged martensite structure

The results of texture analysis of cobalt-free steel are seen in
Fig. 4. There are ODF representation of for ¢, = const, with
Ay =5° (Fig. 4a) and ODF sections for ¢; = 0° (Fig. 4b) and
¢y = 45° (Fig. 4c). In both PHSS steel and cobalt-free steel, the
orientations belonging to o fibre, can be identified. The strongest
orientation in both kinds of steels is (225)[1 -1 0] and also (337)[1
-1 0] in the vicinity of (225)[1 -1 0]. There is also one common
component (001)[1 -1 0]. The weaker additional orientations like
(118)[1 -1 0] and (114)[1 -1 0] in PHSS steel and cobalt-free steel
are seen, respectively. There are two another weak orientations,
not being the components of o fibre, in the sample of PHSS steel,
namely (556)[7 -13 5], close to (111)[1 -2 1], and (554)[-2 -2 5].
In the sample of cobalt-free-steel, weak (111)[0 -1 1] component
of another typical for bcc metals y fibre can be identified.

5. Microstructure and
properties after rolling
and ageing

5.1. Ageing at 480°C and 510°C

To get the highest possible strengths, the cold rolled sheets of
both steels were subjected to ageing. Hardness changes (HV30)
during ageing at 480°C and 510°C are shown in Figs. 5 and 6.

600
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o 3 480 C
© B
I
500—
b 510C
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Fig. 5. Hardness (HV30) of the PHSS sheet after cold rolling and
ageing at 480°C and 510°C

For ageing temperatures of 480°C and 510°C, most of the
hardness increase appeared during first hour of ageing, as is
evident comparing hardness values in Table 2 with that in
Figures 5 and 6 (180 HV for the PHSS and 120 HV for cobalt-
free steel). Maximum hardness in both steel was obtained after
ageing at 480°C, while longer ageing at 510°C, e.g. 10 hrs,
produced substantial hardness decrease (overaging).
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Fig. 6. Hardness (HV30) of the cobalt-free sheet steel after cold
rolling and ageing at 480°C and 510°C

a)

b)

Fig. 7. Scanning electron micrographs of the cobalt-free sheet cold
worked 46% and aged at a) 480°C, 3 hrs, ) aged at 510°C, 20 hrs
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X-ray diffraction studies of the overaged steels, 20 hrs at
510°C, revealed presence of the austenite in steel structure (11.7%
in PHSS and 7.0% in cobalt-free steel). As the austenite was
absent before ageing, Table 2, it may be concluded that it was
created as a result of the martensite-austenite (M-A) reaction. The
reverted austenite may be the major factor causing gradual
strength decrease during prolonged ageing at 510°C in both steels.

Scanning electron microscopy studies of the steel

microstructure revealed that after ageing at 480°C no austenite
was present, Fig. 7a, while reverted austenite could be clearly
observed after long ageing at 510°C, Fig. 7b. The reverted
austenite phase, in the form of islands, was predominantly
associated with prior austenite grain boundaries, but also
nucleated inside the grains.

Fig. 8. Transmission electron micrographs of the cobalt-free sheet
cold worked 46% and aged at 510°C, 20 hrs. a) reverted austenite
in martensite matrix, b) precipitates in martensite matrix

In the TEM micrographs, Fig. 8 (a), the reverted austenite
islands are seen as black elongated grains within matrix of the
aged martensite, having high density of tangled dislocations.
Despite high thickness of the austenite, resulting from increased
resistance to etching, the diffraction patterns revealed reflections
form the austenite. When TEM micrographs were taken at very
high magnification, the small precipitates in the aged martensite
matrix were observed, Fig. 8. The diffraction contrast produced
by the precipitates is sometimes called “tweed microstructure”.
Such small precipitates with size roughly of 10 x 50 nm, does not
seem to be the course of overaging (strength decrease) of the
steel, so the argument that reverted austenite is responsible for
steel overaging remain valid. On the diffraction patterns, the
lattice parameters calculated from the precipitates reflections,
were consistent with the intermetallic phase of NisTi.

5.2. High overageing

In some applications the required tensile elongation is greater
than that obtained in this work (below 10%) after heat-treating to
the greatest strength. To get substantial increase in tensile
elongations, to well over 10%, high overaging was required. For

S.d. Pawlak, H.J. Krzton


http://www.journalamme.org
http://www.journalamme.org
http://www.journalamme.org
http://www.journalamme.org

the PHSS, the desired temperature of overaging was about 630°C,
and for the cobalt-free steel 600°C - at 3 hours of ageing. After
that heat treatment the tensile strength of both steels was still
high, close to 1200 MPa, Figs. 9-10.
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Fig. 9. Tensile properties after cold working and ageing (3 hrs) of
the PHSS steel
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Fig. 10. Tensile properties after cold working and ageing (3 hrs)
of the cobalt-free sheet steel

The high strength of the steel may be related to the special
microstructure formed at temperatures of high overging. As
expected, high amount of austenite was present in the steel
microstructure after ageing at 600°C, Figs. 11 and 12. The
austenite phase seen in Fig. 11 has the form of rods or elongated
disks, about 1 pm in size, aligned in three directions, two
directions lies in the surface and one is perpendicular to the
metallographic polish. This metallographic features imply the
existence of the crystallographic relation of the austenite phase to
former grain, in which it was formed (martensite).

Cold worked high alloy ultra-high strength steels with aged martensite structure

Fig. 11. Scanning electron micrograph of the PHSS sheet aged at
600°C, 3 hrs

Fig. 12. Scanning electron micrograph of the cobalt-free sheet
aged at 600°C, 3 hrs

What in turn suggests that inverse M-A transformation was
diffusionless in nature (shear like transformation). High
dispersion of the austenitic phase and nature of the M-A
transformation, may serve as a explanation for relatively high
strength of the steels after high overaging. Such microstructure as
in Fig. 11 occurs only for specially oriented grains. More typical
microstructure obtained after high overageing is shown in Fig. 12,
where only one narrow band, in the middle of the micrograph,
resembles features described above.

6. Conclusions

The study on structure-property relations of heavily cold
worked and aged martensite in two high-alloy structural steels Fe-
Cr-Ni-Ti and Fe-Ni-Mo-Ti based, was presented, leading to
following conclusions:

1. Despite wildly different matrix compositions, Fe-Cr-Ni and

Fe-Ni-Mo based, both steels studied showed similar
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characteristics in respect of work hardening, response to heat
treatment and mechanical properties. In the process of cold
working and ageing both high alloy steels studied could
develop yield strength in excess of 1600 MPa. The main
strengthening mechanism was precipitation hardening, while
work hardening contribution to the strength was very limited.
The formation of texture components of o fibre after cold
rolling was observed in both steels grades. The strongest
orientations was the same: (225)[1 -1 0] and also (337)[1 -1 0]
in the vicinity of (225)[1 -1 0]. The orientation (337)[1 -1 0] is
placed also in the region of (112)[1 -1 0], which was found as
one of the main components in cold rolled 18 pct Ni maraging
steel by Ahmad et al. [10], and Hosoya et al. [11]. The other
components of o fibre are weaker and are different in both
steels. The main difference in analyzed textures was the
presence in cobalt-free maraging steel, weak (111)[0 -1 1]
component of y fibre.

Overaging commences after prolonged treatment above
500°C, and in both steels could be related to reverted
austenite, formed from martensite (M-A transformation). To
get tensile elongations over 10% in cold worked steels
studied, the high overaging at temperatures of 600-630°C was
required. At these conditions the high tensile strength of about
1200 MPa was still preserved.

The work is in progress to study the suitability of the steels with
low rates of work hardening for severely forming operations.
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