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Metastable austenitic stainless steels are known to undergo a partial transformation of austenite to martensite
as a consequence of plastic deformation. In the case of cyclic loading, a certain level of plastic strain must be
exceeded, and phase formation takes place after an incubation period, during which the necessary amount of
plastic deformation is accumulated. The susceptibility of the austenitic phase to deformation-induced martensite
formation is strongly affected by the temperature of loading and the stability of austenite, which itself depends
on the chemical composition. A key element in this regard is carbon which stabilizes the austenitic phase. It is
shown in this study that the carbon concentration can be analysed systematically and reproducible by means of
annealing treatments, if the parameters of these treatments are carefully defined on the basis of advanced theoretical
thermodynamic and kinetic considerations. First results on the effect of carbon concentration and temperature of
fatigue testing on the austenite/martensite transformation are presented, in order to illustrate the significance of

these parameters on the martensite formation rate.
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1. Introduction

1.1. Background

This paper considers metallurgical aspects! in preparing solid test
specimens with sufficient accuracy to enable a clarified comparison
of fatigue test results in support of characterising the deformation-
induced martensitic transformation of an austenitic stainless steel
AISI 301. The characterisation will investigate specifically the influ-
ence of carbon concentration and subzero temperatures on the trans-
formation®3. There are numerous publications which cover aspects of
the described martensitic transformation. Literature details which are
more specific to the intended investigation include a study investigat-
ing subzero test temperatures for deformation-induced martensite to
find an optimum combination of strength and residual fatigue for
industrial application®. Other studies investigate material behavior
of transformations in consideration of effects described by the Hall
Petch relationship>® or preferential crystallographic orientation’”,
making emphasis of metallurgical aspects. Studies made with regard
to material behavior for transformations at and above room tempera-
ture under various environmental conditions®'*!! serve to delineate
the research area although no direct comparisons are made.

There are various published methods of evaluating the martensite
volume fraction in fatigued austenitic stainless steel specimens!®!!.
The most modern of which use SQUID'>! technology in the form of
Hall probes and GMR sensors, phase analysis using diffractometry
as well as a magnetic induction method.

1.2. Objectives

The described phenomenon is based, in this study, on hollow
cylindrical test specimens with 2 mm wall thickness in the gauge
length. The specimen geometry in Figure 1 is designed to fulfil the
requirements for cyclic fatigue and also to limit the heat treatment
duration of carburising or decarburising processes. This is principally
achieved through minimizing the cross-section and enlarging the
surface area to take-up or release carbon to or from a gas atmosphere
at elevated temperatures.

*e-mail: west@ifwt.mb.uni-siegen.de

Treating the material at elevated temperatures for long periods
result in grain growth®¢ and distribution which will influence on the
fatigue mechanisms’. The study objective is to reproducibly modify
the carbon content of test specimens with the geometry shown in
Figure 1 to three set values of carbon, under consideration of a desired
common microstructure after heat-treatment.

2. Material and Experimental Procedure

A meta-stable austenitic steel with the designation 1.4310 (AISI 301)
was chosen as test material to characterise the change in phase. Cr, Fe,
Ni and C are the main constituents of the material shown in Table 1.
Ni and Mn stabilize the fcc phase, whereas Cr and Mo are account-
able for corrosion resistance.

At a heat treatment temperature of 1050 °C, even at low oxygen
partial pressures in the treatment apparatus the development of
chromium oxide (Cr,0,) on the specimen surface is unavoidable,
due to the very low oxygen partial pressure in equilibrium between
Cr and chromium oxide'* (Cr,0,). Chromium oxide (Cr,0,) on the
surface, acts as a barrier to the diffusion of carbon. To avoid the
formation of a barrier layer, the specimens were coated with nickel.
The austenitic specimens were coated galvanically' in a solute which
consists of NiSO,, NH3SO , and KCI. Adhesion test results defined
a specimen surface roughness of 27 um and a charge of 40 mA/cm?
as the most favourable parameters for reproducible coatings. The
stability of nickel oxide raises the allowable oxygen partial pressure
to 1 x 10 bar'* at 1050 °C which is well within the realms of prac-
ticality whilst preparing the heat-treatment apparatus. The recipient
was held in a vacuum below 1 X 107 bar in the warm-up phase of
the vertical furnace before the gas mixture flooded the chamber to a
pressure slightly above atmospheric pressure. Initial heat-treatments
were carried out on 2 mm thick discs before being carried out on cy-
lindrical test specimens of the geometry shown in Figure 1. The grain
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size of specimens was determined using the linear intercept method
in conjunction with a logarithmic Gauss distribution.

Cyclic mechanical tests were performed on a hydraulic test
bench under total strain control and zero mean strain. Values of strain
amplitude used in the investigation include 0.5 and 0.85%. Using
these values, a test plan was drawn for the fatigue of test specimens
with carbon concentrations of 0.04, 0.07 and 0.09 wt. (%). A further
extension to the test plan is the variation in test temperature below
the initial temperature of 22 °C using a temperature chamber to set
temperatures of - 50 °C and 100 °C.

The volume fraction of martensite was measured by a probe using
a magnetic induction method. The magnetic induction is the sum of
the applied field and the external field that arises when the probe is
brought into contact with ferromagnetic material. This increase in
magnetization can be measured by the magnetic permeability and
is given as a digital read-out in percentage volume fraction. To gain
comparative volume fractions for the test specimens in fatigue, tests
were held after specific fatigue cycles so that measurements could
be made at room temperature and zero load.

3. Results and Discussion

3.1. Thermodynamic calculations

Carbon has a strong influence on the transformation of austenite
to martensite in austenitic steels. The carbon content of steel can
be varied using heat treatments and the most popular method of
carburisation and decarburisation is to use a gas-mixture of methane
(CH,) and hydrogen (H,) at elevated temperatures. The fundamental
principle of using these gases is described in the stoichiometric
equation,

C+2H,o CH, )

The carbon directly influencing the martensitic transformation is
that which is dissolved in fcc austenite. In order to attain the desired
carbon content in the test specimens it is necessary to analyse the
heat treatment temperature at which carbon will diffuse to or from the
gas environment for carburisation and decarburisation respectively.
The rate and direction of the diffusion is dictated by the difference in
carbon activities between the solid and gas phases. The carbon activity
in the gas phase can be calculated using the equation
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Figure 1. Test specimen geometry.
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where p..,,, and p,, are partial pressures of methane and hydrogen in
the gas mixture. Using solely hydrogen to decarburise a specimen
would give an activity of zero, whereby using solely methane would
result in a decomposition of the gas'® to an activity above one. K is
the temperature dependant chemical reaction equilibrium constant.
The value of K is written as a function of temperature'” as

1gK(T) = 4649/T - 5.672 3)

A computer program called FactSage has been utilised to inves-
tigate thermodynamic equilibrium between solid and gas phases for
different combinations of gas partial pressures for a total pressure of
1 bar. Their influence on thermodynamic equilibrium is observed as
carbon activity in the gas phase at different temperatures. Different
type of carbides are stable, depending on the carbon activity in the
gas phase.

In order to allow for a comparison of simulation results with
experimental observations, a distinction is made between carbon
content which refers to carbon dissolved in the fcc and the carbon
content precipitated in the form of carbides. Figure 2. presents the
simulation results of thermodynamic equilibrium at a temperature

0.8 40
. 1050 °C
S
= 0.6 Carbon content in the fcc 03
z N =
g E
g 04 ™~ 20 3
3 My Gy =
= g
_g 0.21 100
<
© 0 L —MpCq 0
0 0.01 0.02 0.03 0.04 0.05
Carbon Activity in the Gas Phase
(a)
0.8 40
~ 1000 °C
S
=06 . 30 2
= Carbon content in the fcc >
g 04 20 £
S M;Cs %
= =
é 0.2 10 §
© 0 /<—— M;,;Cs 0
0 0.01 0.02 0.03 0.04 0.05
Carbon Activity in the Gas Phase

(b)

Figure 2. Thermodynamic equilibrium calculation at different temperatures
using the commercial software FactSage: a) 1050 °C; and b) 1000 °C.

Table 1. Nominal chemical composition (in wt. (%)) of the used austenitic steel.

Elements C Si Mn P S Cr Ni Mo
wt. (%) 0.108 0.98 1.278 0.027 0.005 16.8 7.41 0.32
Elements Cu Al Ti \% Nb Zr B Co
wt. (%) 0.086 0.033 0.007 0.043 0.016 0.007 <.0001 0.052
Elements W Mg Sn Ta Ca Fe

wt. (%) 0.07 0.0005 0.01 0.01 0.0018 72.736
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of 1050 °C and 1000 °C for carbon activities in the gas phase from
0to 0.05. There are carbide transition points in each of the diagrams
presented in Figure 2 where M,,C transforms to M.C,. They lie at
carbon activities of 0.0045 and 0.006 for temperatures of 1050 °C
and 1000 °C respectively.

For a carbon activity in the gas phase of 0.48 at a temperature of
1050 °C, the theoretical carbon content in the fcc matrix rises to a
maximum of 3.56 wt. (%). This translates to a carbon content value
after consideration of the carbon in carbide (M,C,) to 7.4 wt. (%) in
total, before the value decreases as cementite is formed.

In order to determine the heat treatment durations, the diffusion of
carbon into both sides of a flat specimen of 2 mm is calculated. The
diffusion coefficient of carbon® of 2.6472 x 10" m*s at 1050 °C is
used for the austenitic steel in the calculation. In Figure 3, the mini-
mum durations of diffusion processes are presented from an analytical
calculation method which utilises a trigonometric series.

The method shows good correlation between calculated and
practical results with regard to duration times with the exception of
extended decarburisation. In comparison to practical results using a
2 mm thick disc specimen, a carbon content as low as 0.04 wt. (%)
is achieved from an initial content of 0.108 wt. (%) in 20 hours of
decarburisation at a temperature of 1050 °C.

Experimental results of cylindrical hollow specimens gave carbon
concentrations of 0.09, 0.07 and 0.04 wt. (%) for respective dura-
tions of 5, 10 and 20 hours in a hydrogen-helium gas atmosphere at
1050 °C. Heat treatment duration was extended to 40 hours in an
effort to minimise the carbon content in the specimens. Extended
duration gave a negligible change in minimising carbon content
and this could be attributed to the slow diffusion of oxygen through
the nickel coating to the nickel to base-metal interface. Existing,
insoluble carbides of the elements Ti, Nb, Zr and Si were also theo-
retically considered as an explanation for the remainder of carbon
in the specimen but they only accounted for 0.005 wt. (%) carbon.
Durations above that of the minimum achievable decarburisation of
specimens helped to ensure that the carbon remainder is uniformly
distributed in the fcc austenite.

In comparison to austenitic-ferritic steels, the carbon solubility
of a meta-stable austenite is much lower!. Carburising the material
will lead to carbides forming in the grain and at the grain boundaries
which is detrimental to mechanical properties and furthermore to the
comparability of mechanical tests. Figure 4 shows the undesirable
development of carbides forming at the grain boundaries and in the
worst case simulated, the formation of cementite.

The high amount of carbides at the grain boundaries and in the
grain would severely affect material properties in fatigue and lead
to misinterpretation of results. To avoid this problem individual test
specimens need only be decarburised to give the required span of
results to support the final characterization. The relatively high initial
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Figure 3. Calculated carbon profile across a2 mm thick specimen of austenitic
steel for different durations for: a) carburisation; and b) decarburisation.
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value of carbon concentration of 0.108 wt. (%) for stainless steels,
in the as-received condition, is in close proximity to the maximum
carbon solubility in the fcc phase of 0.12 wt. (%) for a heat treatment
at 1050 °C, without detectable carbides. Consequent values of carbon
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Figure 4. a) Carbides(M.C, and M,,C) at the grain boundaries after 20 hours;
b) Cementite in the grain after 40 hours; and ¢) Carbides (M.C, and M,,C))
and cementite in the grain and at the grain boundaries after 40 hours.
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content which need to be reproducibly attained in test specimens are
0.04, 0.07 and 0.09 wt. (%).

Figure 5a presents the inhomogeneous microstructure of a decar-
burised specimen with no visible carbides. In Figure 5b the fatigued
microstructure of a decarburised specimen is presented where mar-
tensite can be seen in the form of darkened grains.

The test material in its as-received condition has a mean grain
size of 35 um and a deformation induced martensite volume frac-
tion of 6%. In evaluating the effects of heat treatment duration on
grain growth, both mean grain size as well as standard deviation are
observed. As shown in Figure 6, at a temperature of 1000 °C and dura-
tions of 50 hours and 100 hours, the grain size increases from 30 um
to 60 wm with respective standard deviations of 20 wm and 40 pum.
A constant standard deviation of 50 pum is reached at 1000 °C from
200 hours to the maximum evaluated duration of 350 hours.

In comparison, at an elevated temperature of 1050 °C for dura-
tions of 50 hours and 100 hours the mean grain size increases from
60 wm to 70 wm and displays a constant standard deviation of 50 um
for the period. It appears that available space in the microstructure is
utilised in primary recrystallization at a maximum mean grain size
of 70 um and an equivalent standard deviation of 50 um before sec-
ondary recrystallization commences. As a response to the described
findings in investigating grain growth, heat-treatment durations of

— 0.1 mm

Figure 5. a) Annealed austenitic steel microstructure; and b) austenite with
martensite formation after fatigue test.
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all test specimens, regardless of their individual carbon concentra-
tions, are held above 50 hours. This would mean that after 20 hours
of decarburising the decarburising gas will seize to flow and allow
the carbon concentration to level across the specimen cross section
for the remaining period.

3.2. Mechanical properties

A number of fatigue tests were performed, at room temperature,
on specimens in the as-received condition of 0.108 wt. (%) carbon.
Their results helped specify the total strain amplitudes best suited
for the characterisation of the martensitic transformation with respect
to a variation in carbon and test temperature. The preliminary tests
are presented in Figure 7a and show that with an original martensite
volume fraction of 6% and a high value of carbon content, a total
strain amplitude of 0.9% is needed to harden the material and conse-
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Figure 6. Mean grain size and standard deviation.
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Figure 7. a) Influence of total strain amplitude on test specimens in the as-
received condition; and b) Influence of carbon content at a constant strain
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quently increase the volume fraction of martensite in the specimen.
Values of 0.5% and 0.85% total strain amplitude are chosen for the
continued tests and characterisation because they represent values at
which the material respectively softens and hardens (see Figure 7a).
Any variation in the carbon content below 0.108 wt. (%) or test
temperature below 22 °C will cause the martensite volume fraction
to increase relative to results presented in Figure 7a when the test
specimen is fatigued. Figure 7b presents the results of a variation
in carbon content from 0.038 wt. (%) to 0.068 wt. (%). The heavy
influence of carbon concentration on material hardening is evident
by comparison with test specimens of 0.108 wt. (%) (see Figure 7a).
In Figure 7b it is shown that a small difference in carbon content, as
from 0.038 to 0.044 wt. (%), will influence the materials affinity to
transform to martensite.

Figure 8 shows the influence of total strain amplitude at constant
temperature and consistent carbon content. At room temperature, as a
result of decarburising the material to 0.038 wt. (%) carbon content,
the stress level through hardening has reached almost 1000 MPa.

The influence of test temperature on the martensitic transforma-
tion of test specimens with a relatively high carbon content is depicted
in Figure 9. The specimens all have a carbon content of 0.09 wt. (%)
which prevents the material from hardening at room temperature.
Lowering the test temperature to sub-zero temperatures instanta-
neously increases the flow stress throughout fatigue. Once stress
saturation level is reached there is no further change in martensite
volume fraction.

4. Summary

* The reproducibility of decarburising test specimens to set values
of carbon content is dependant preferentially on the quality of
nickel coating. An analysis of the galvanically coated speci-
mens, using adhesion tests, has shown the specimen surface
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Figure 8. Influence of total strain amplitude on decarburised test speci-
mens.
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Figure 9. Influence of temperature on test specimens of relatively high carbon
content at a constant strain amplitude.
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roughness of 27 wm and current of 40 mA/cm? in a galvanic
cell to be most suitable.

e Carbon content values of 0.04, 0.07 and 0.09 wt. (%) are
attained reproducibly through decarburising nickel-coated
specimens of an austenitic stainless steel with the designation
1.4301 (AISI 301) in a hydrogen-helium gas atmosphere at a
temperature of 1050 °C.

* An analysis of the microstructures of heat-treated specimens
for different treatment durations gave a variation in mean grain
size in relation to constant standard deviation above 200 hours
duration at 1000 °C and between 50 and 100 hours at 1050 °C.
The results may be interpreted that the microstructure under-
goes primary recrystallization before the standard deviation
increases with mean grain size as secondary recrystallization
commences.

* As a result of different test temperatures and carbon content
of test specimens, the mechanical tests show a broad span of
results for the characterisation of the martensitic transforma-
tion. A change in martensite formation is clearly identifiable
for a change in carbon content of just 0.006 wt. (%).
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