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In this work, stress relaxation technique was employed to analyze the softening-

precipitation interaction in an ASTM F-1586 austenitic stainless steel, an alloy used in

orthopedic implants. Hot compression tests were performed at temperature range of

800–1100 ◦C. Pre-strain of 5.0%, strain rate of 0.1 s−1, and loading time exposure of 40 min

were employed. The experiments were carried out in a dilatometer equipment. The stress-

time (� vs. log (t)) curves were plotted, and the microstructure of the specimens was char-

acterized. The acquired results permitted to estimate the start (ts) and the finish (tf) times

of  the effective interaction between recovery and precipitation. The data revealed three dis-

tinct stages in the stress versus log time curves: (i) reduction in the stress levels due to

static  recovery; (ii) delay in the stress relaxation rate leading to a stress plateau, and (iii)

sharp decrease of the stress levels associated with the finish of the precipitation. These

results enabled the creation of Precipitation-Temperature-Time (PTT) curves for the present

material. It was found that the onset time for the strain-induced Z-phase (CrNbN) is around
120  s and the precipitates delay the kinetics of the softening.

r(s). 
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1.  Introduction
Currently, millions of people in the world are affected by bone
problems caused by fractures and degenerative and inflamma-
tory diseases in joints. Materials like Ti-Co alloys are necessary
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Table 1 – The chemical composition of the ASTM F-1586 austenitic stainless steel (% mass).
C Si Mn Ni Cr Mo 

0.035 0.37 4.04 10.6 20.3 2.47 

to fix or replace the affected organ as permanent or temporary
implants [1,2]. Among these alloys, ASTM F-1586 austenitic
stainless steel has shown to be an alternative material due to
its excellent mechanical properties to be applied as orthope-
dic components [3]. Although there are a number of previous
studies regarding this material, the investigation related to
the annealed condition and its mechanical strength lacks in-
depth analysis. Researches have pointed out that the presence
of complex carbonitrides in industrial processing has influ-
enced the mechanical and corrosion properties of metallic
materials [3,4]. Moreover, some investigations proposed new
strategies to reduce the concentration of nickel and find the
ideal concentration levels of chromium,  niobium, manganese,
and nitrogen for this type of austenitic stainless steel [5].

During the manufacturing process of implants such as
hot forging, alloys undergo through microstructural evolution
associated with softening phenomena. These metallurgical
phenomena play an essential role in obtaining the final
microstructure and the mechanical properties of the ortho-
pedic components. In general, two softening mechanisms
take place and control the physical response behavior during
and after high-temperature deformation [6]. Those phenom-
ena are known as recovery and recrystallization). When they
occur during the deformation stage, they are named dynamic,
while if they occur between deformation passes or after the
final deformation, they are named static. In the particular
case of highly alloyed steels, such as the present stainless
steel, and depending on the deformation conditions (strain,
strain rate and temperature), the typical softening mechanism
are reduced to dynamic recovery (DRV), static recovery (SRX)
and static recrystallization (SRX). In the case of microalloyed
grades, precipitation can influence these mechanisms during
the hot forming process, which has been of great interest to
the metallurgical industry [7].

The influence of precipitates in delaying the austenite
softening during the hot workability window has received
considerable attention [8]. The thermomechanical process is
drastically affected when complex precipitates are formed.
These particles are capable of promoting different changes
in the microstructure of the material when under deforma-
tion. Thus, Precipitation-Temperature-Time (PTT) diagrams
have been introduced to show the relationship between the
beginning and finish of precipitation. This approach has
brought interesting interpretations regarding the kinetics of
the softening mechanisms [9]. However, in some steels, this
relationship is not well established due to the difficulty of
determining which precipitates are forming under different
processing conditions.

To date, several methods have been used to monitor
the precipitation behavior during thermomechanical process-
ing, among which the following stand out: i) microscopy

analysis, ii) thermodynamic calculations, iii) microhardness
measurement, iv) electrical resistivity measurement, and v)
stress-strain curves analysis [10]. The microscopy analysis
S P N Cu Nb Fe

0.001 0.022 0.36 0.06 0.29 bal

presents problems when the precipitates are very fine, lead-
ing to technical difficulties in separating and identifying
them. The challenge with thermodynamic calculations is the
approximations considering the ideal chemical activations,
which can lead to overestimated values of the beginning and
finish of precipitation [10]. Moreover, the stress-strain analysis
is susceptible to experimental errors.

A mechanical technique to follow the softening-
precipitation interaction and to determine the PTT curves of
metallic materials was proposed by Liu & Jonas (Model L-J)
[10]. The method is based on the stress relaxation curves anal-
ysis of the metal under hot compression tests. This procedure
has been capable of predicting the start and finish times
of strain-induced precipitation. To date, there is no study
regarding the application of this technique for the investiga-
tion of the precipitates effect in some classes of austenitic
stainless steel. Thus, the objective of the present work is to
perform an in-depth examination of the softening-induced
precipitation interaction through stress relaxation under hot
compression of an ASTM F-1586. The presented results can be
employed to improve the manufacturing process of this steel,
which requires significant mechanical strength to act as an
orthopedic implant within the human body without failure.

2.  Material  and  methods

A rolled bar of an ASTM F-1586 austenitic stainless steel with
20 mm diameter was employed in this work. The chemical
composition of this material is shown in Table 1 [11]. The bars
were machined into cylindrical specimens of 5.0 mm diame-
ter and 10 mm length. The softening-precipitation interaction
was monitored via stress relaxation tests after small deforma-
tion under hot compression. The samples were initially heated
to 1250 ◦C by induction process at a heating rate of 40 ◦C/s and
held for 300 s to complete solubilization. The samples were
then cooled down to the deformation temperature at a cooling
rate of 5 ◦C/s. Hot compression tests were carried out at a tem-
perature range 800–1100 ◦C, at a true strain of 0.05, and a strain
rate of 0.1 s−1 under an argon atmosphere. In order to mini-
mize friction, tantalum foils were used between anvils and
samples. At the end of this cycle, the compression anvils were
hold at fixed position for 40 min  in a Bähr Thermoanalyse DIL
850 A/D Dilatometer while the temperature was hold constant
(±0.5 ◦C). The samples were then water quenched to prevent
appreciable diffusion of chromium and niobium atoms and to
keep the solid solution unchanged. The employed thermome-
chanical process is presented in Fig. 1.

The samples were sectioned transversely in the direction
of the applied load. Then, specimens were hot mounted in
bakelite and polished using silicon carbide paper with grits

of 400, 600, 800, 1000, and 1200 while being lubricated with
water. Final polishing was carried out using diamond paste
(3 �m and 1 �m)  suspensions and a 0.02 �m colloidal silica sus-
pension. The polished samples were then electrochemically
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Fig. 1 – Schematic diagram showing the experimental
procedure of the stress relaxation tests.

Fig. 2 – Thermodynamic calculation of the ASTM F-1586
austenitic stainless-steel phase diagram through FactSage
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Fig. 3 – Stress relaxation curves acquired after 5.0%
deformation of an ASTM F-1586 austenitic stainless steel,
a) 800 ◦C < T < 900 ◦C, (b) 975 ◦C < T < 1100 ◦C.
.1.

tched using 65% nitric acid (HNO3) and electrical current den-
ity of 1.0 A/cm2, for approximately 10 s. The microstructural
nalysis was carried out using scanning electron microscopy
SEM). Details of the presence of precipitate particles and ana-
ytical mechanical analysis were investigated by examining
he � vs. log (t) curves. To validate the observations, dispersive
nergy spectroscopy (EDS) and thermochemical calculations
ia Factsage 6.1 software, at different stages of the stress relax-
tion test were performed.

.  Results  and  discussion

.1.  Phase  diagram

he phase diagram of the present material was obtained

hrough thermodynamic calculations using the Facstage 6.1
oftware and is shown in Fig. 2. It suggests that the Z-phase
cts in the softening kinetics within the workability window
of the thermomechanical process for the manufacturing of
orthopedic implant parts. Analogous equilibrium diagram was
determined by Orhangen et al. [12] for a steel of similar com-
position, where the presence of the Z-phase is verified in the
hot workability frontier, see Fig. 2.

3.2.  Stages  of  stress  relaxation  curves

The equivalent stress-log(t) curves obtained from the stress
relaxation tests are shown in Fig. 3a) and b). The results
revealed three distinct stages: Stage I, a short time after pre-
strain, the curves start to reflect a considerable reduction in
the stress level of approximately 40 MPa in an interval of 100 s
(varies with temperature). Stage II, after approximately 120 s,
the formation of stress levels plateau on the curves start to
appear. This observation is an indication that a mechanism
delaying the decrease of the stress relaxation is under evo-
lution. An almost constant stress value is observed until a
specific time that leads to the next stage. Stage III,  after a longer

time, t > 1800s, the curves restore their first behavior pre-
senting in this way a more  pronounced decrease of the stress
levels. Here the effective mechanism which acted in the pre-
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Fig. 4 – Typical stress relaxation curve showing the applied
technique to obtain the coefficient and revealing the
dependence in stages I and III. The sample has a pre-strain

Fig. 5 – The dependence of the accumulation of stress (��)
on temperature in Stage II obtained from � vs. log (t) curves.
of 0.05 at 1000 ◦C.

vious stage may probably had been finished on the stress-log
(t) curves.

The rise of the different stages, even with fluctuations in
the initial stress (�o) appears as result of joint actions of,
static recovery, static recrystallization and induced precipi-
tation phenomena. These are the main causes of the stress
level variations as time goes by. In Stage I, the reduction of
the stress is due to the static recovery resulted from the
energy stored during straining. As time passes, the dislo-
cation density is reduced and has its distribution changed.
In addition, the moderate value of the stacking fault energy
of this steel, �SFE = 69 mJ/m2 [13], favors the static recovery
mechanism hindering the simultaneous action of another
thermally activated mechanisms such as static recrystalliza-
tion. In Stage II, the plateaus in stress levels are due to the
balance of the stress relaxation rate and the kinetics of the
strain-induced precipitation. This behavior starts to appear
after a specific incubation time, t > 120 s, suggesting that
the occurrence of precipitation slows down the progress of
stress relaxation. This is further discussed in section 3.6 where
microscopy techniques were used. These results agree with
previously reported researches done in microalloyed steels
[14].

3.3.  Method  for  estimating  the  stress  relaxation
coefficient  as  a  function  of  temperature

The stress relaxation curve acquired after pre-strain of 0.05 at
1000 ◦C, is shown in Fig. 4. Here, linear dependence in stages I
and III is clearly revealed. It is noticeably that the changes in
stress (�) with time (t) during the relaxation experiments fall
in a linear relationship on a logarithmic time scale, according
to Eq. 1, proposed by Liu & Jonas [15].

′
� = �o −  ̨ ln (1 + ˇ.t) + �� (1)

where �o is the initial stress (for t = 0 s), ��ís the stress incre-
ment and  ̨ and  ̌ are experimental constants derived from
the adjustments. The points at which �� deviates from zero
and where �� is maximum are identified as the precipitation
start (tps) and finish (tpf) times, respectively.

The experimental adjustments of � =0.20 MPa and � = 0.30
s−1 showed good empirical relationships for Fig. 4. These val-
ues were obtained by adjusting the stress relaxation curves,
using Eq.1. This indicates that the stress relaxation rate is due
to the extrapolation and slope of the � x log (t) curves. Some
values reported in the literature for C-Mn and Ti-microalloyed
steels (� =2.5 MPa,  � = 13 s−1) [10] are well above the ones found
here. It is believed that in Stage II, the possible occurrence
of precipitation causes a decrease of the stress relaxation
rate due to the interactions of the precipitates mainly in the
grain boundaries under static recovery (SRV). This argument
justifies the different slopes on the � x log (t) curves and
the delays in the stress relaxation rate, which depends on
temperature and time. A technique proposed by Park et al.
[16] relates an indirect detection of precipitation in austen-
ite with the stress gradient between stages I and III in stage
II. They investigated the volume fraction of precipitates of
Nb(CN) in an austenitic stainless steel using this methodol-
ogy. The results found in the present research are presented
in Fig. 5.

As mentioned above, the behavior of the stress relaxation
curves (see Fig. 3) showed remarkable peculiarities. One of
those is Stage II, with the formation of plateaus in the stress
levels as a consequence of a slight reduction of this resistance
as the relaxation time increases. This behavior characterizes a
type of stress relaxation coefficient (ˇ), which varies with temper-
ature (see Eq. 2). This variable is an indication of the effective
action of the precipitation on the softening fraction, see Fig. 6.
This variation in the value of  ̌ indirectly describes the pro-
gression of the precipitates volumetric fraction formed during
stress relaxation, as reported by Djahazi et al. [17]. These
results assume that the highest incidence of induced precip-
itation occurs close to 1050 ◦C. There is a temperature range

where precipitation is more  active in delaying the softening
mechanisms. The precipitates reduce their effect by having a
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Fig. 6 – The dependence of the stress relaxation coefficient
(ˇ) on the temperature.

Fig. 7 – The softening fraction curves (Xs) vs. time (t) from
stress relaxation.
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Fig. 8 – The PTT diagram of the ASTM F-1586 steel obtained
by stress relaxation technique.

Fig. 9 – The supersaturation ratio (k = ks/kT) and diffusion
(D = Doexp(-Q/RT)) competition of the Z-phase (CrNbN)

of the softening during stress relaxation and the formation
of strain-induced precipitates is responsible for the forma-
ow diffusivity at lower temperatures, and experiencing super-
aturation and coalescence at higher temperatures.

 =
[

∂(��)
∂(� log t)

]
T,ε̇

(2)

.4.  Softening  fraction  by  stress  relaxation  technique

rom the stress relaxation curves shown in Fig. 3, it is possible
o estimate the softening fraction (Xs) as a function of time
t) in the three different stages of the � vs. log (t) curves. This
an be done through analytical equations, as proposed by Kar-
alainen et al. [18,19]. Here, they consider a rule of mixtures

ethodology composed of hardening and softening mecha-
isms represented in Eq. 3.
s = [(�1 − ˛1 log t) − �t]
[(�1 − �2) − (˛1 − ˛2) log t]

(3)
induced by hot deformation in stress relaxation.

where �1, �2, �1 and �2 are constants determined in stages I
and III of the � vs. log (t) curves in Fig. 4 and �t is the stress at
a given time t.

The dependence of the softening fraction (Xs) on time (t) of
stress relaxation at different temperatures is depicted in Fig. 7.
Here, one can perceive that the curves have a sigmoidal shape,
typical of materials that soften by simultaneous recovery and
static recrystallization. It is noted that at lower temperatures
(T < 1000 ◦C), the softening is prolonged and the delay in the
softening fraction occurs up to times longer than 1000s due to
the formation of the plateaus in Stage II. However, in conditions
of high temperature (T > 1025 ◦C), the delay in the softening
occurs is accelerated. This effect is already observed on the
curves above, this takes place at approximately 120 s.

The behavior in stage I is due to the static recovery (SRV)
of the material, which has a moderate stacking fault energy
(�SFE), reducing in this way the action of thermally activated
mechanisms. In Stage II, the competition between the kinetics
tion of the plateau. The delay in the softening fraction (Xs)
is due to the prevention of the grains mobilities by precipi-
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Fig. 10 – Plot of the a) stress relaxation curve at a temperature of 1025 ◦C showing the main regions analysed and the b)
microstructural aspect of the Z-phase precipitates evolution obtained via OM and SEM in stages I and III. A) Nucleation of

precipitates (clusters) and B) Coalescence of precipitates.

tate particles, as reported by Liu et al. [10,15]. In addition, at
low temperature condition, the diffusivity of the chromium
and niobium elements is limited. Therefore, a longer time for
migration and agglomeration of atoms that form the precipi-
tates is required, which restricts the softening fraction. These
results are also consistent with previous studies reported by

Giordani et al. [20]. They investigated a steel with a similar
composition by employing a double pass hot torsion test. The
static recovery and recrystallization (SRV-SRX) competitions
were studied, and they concluded that the differences in the
amount of applied strain change the initial time for the onset
of the softening and precipitation phenomena [20,21].

3.5.  Determination  of  PTT  curves  by  the  stress

relaxation  method

The times of start (tps) and finished of precipitation (tpf) were
estimated from the stress relaxation curves and are presented
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Fig. 11 – a) Fine and b) coarse precipitates of the Z-phase
(CrNbN) that form in the grain boundaries during the stress
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n the form of PTT (Precipitation-Time-Temperature) diagram
n Fig. 8. The PTT diagram shows that the nose of the curve
s around 1050 ◦C with an incubation time of approximately
20 s. Here the condition of diffusion and supersaturation
avors precipitation with less time. It can also be seen in the
iagram that longer times are needed to start the precipita-
ion, both below and above the nose.

The type C curve in the PTT diagram appears due to the
ompetition between the driving force for precipitation and
he diffusion mechanism of the chromium and niobium. The
riving force for precipitation is the chemical free energy, the
agnitude of which depends on the degree of supersatura-

ion of the microalloying elements, and the driving force for
iffusion is the chemical potential. In other words, it is the
ibbs energy variation of the elements in the solid solution

21]. At high temperature conditions (T > 1050 ◦C), below the
olvus line (T =1300 ◦C), the atomic diffusion increases, and
upersaturation decreases. These have a significant effect on
he static recovery intervention, leading to a reduction in the

tress levels (Stage I). Under these conditions, the precipita-
ion rate is low, the solution is slightly supersaturated, and
he decrease in free energy resulting from precipitation is also
0;9(x  x):7807–7816 7813

low [22]. However, at lower temperatures, the difference in
the affinity of the chromium and niobium is one of the main
reasons for the reduction in stress relaxation. Here, the dislo-
cations require greater strength to move [23]. In either case, the
time required for precipitation will increase, as shown in the
PTT curves. Finally, for longer relaxation times, precipitates
form and grow by diffusion. In these conditions, the precipi-
tates coalesce sufficiently at the same time that the softening
progresses, leading to the reduction of the stress levels (Stage
III).

Another important variable to be considered is the Z-phase
precipitation potential (CrNbN). This is given by the solubility
product through the calculation of the supersaturation coeffi-
cient (ks) of the microalloyed elements. The temperature and
the amount of dissolved elements [Cr][Nb][N] during reheating
at equilibrium temperature are taken into account. Giordani
et al. [24] proposed a mathematical relation after the extrac-
tion technique of Z-phase precipitate has been used for each
solubilization temperature. In their work, they considered that
all the niobium present in the alloy precipitates as Z-phase.
The relation is expressed by Eq. 4.

log
{

[Cr][Nb][N]
}

= 7.557 − 12277
T(K)

(4)

The importance of this equation stems from the fact that
it is possible to determine and improve the amount of Z-
phase precipitates present in the alloy microstructure at a
given temperature (supersaturation coefficient, kT). In addi-
tion, it is possible to determine the solubility temperature
(Ts ∼1290 ◦C) or even the ideal concentration of niobiumin
in the alloy so that the complete solubility of the Z-phase
could be achieved at a given temperature [25]. The competi-
tion between the diffusion kinetics of the Z-phase precipitates
and the supersaturation degree under the imposed conditions
is displayed in Fig. 9. This method was initially introduced by
Dutta and Sellars [26]. Here it is also observed that the most
favorable temperature under the applied conditions for the
precipitation in the studied steel is around 1050 ◦C. Studies
report that the critical value of supersaturation for the nucle-
ation of solubilized austenite is about, ks = 4.8 [27,28]. This
value is considered to be in the upper range, and this variable is
another factor that should be accounted for the driving force
to precipitation. With the applied 0.05 pre-strain, the stored
energy increases, leading to a higher thermodynamic poten-
tial for softening. This also increases the number of nucleation
sites favoring Z-phase precipitation bringing down  the values
of supersaturation to ks = 2.2. These values are below those
reported in the literature for niobium microalloyed steels with
precipitation of Nb(CN), 5.0 < ks <8.0 [29]. Temperatures below
1100 ◦C favor the precipitation of the Z-phase in the solid solu-
tion. The solubilities of chromium and niobium in austenite
drop substantially below this temperature and the chromium,
with higher concentration, is removed from the matrix. These
findings were reported by Sousa et al. [30]. They showed that

these precipitates could decrease the mechanical strength of
the steel.
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Fig. 12 – The SEM/EDS analysis of the Z-phase precipitates (CrNbN) present in the grain boundaries captured in stage III at

1050 ◦C.

3.6.  Microstructural  behavior

The precipitation kinetics could be estimated from the start
to the finish corresponding to the plateau stage in the stress
relaxation curves (see Fig. 3). The microstructural behav-
ior at these two points was validated via scanning electron
microscopy, see Fig. 10a) and b). The image  suggests that the
precipitation in the austenitic matrix occurs in the interior
and along the grain boundaries. Different size, distribution,
and morphology over time in Stage II can also be seen. It is
also observed that precipitation takes at least 120 s to start an
effective process.

The SEM analysis shown in Fig. 10b) and Fig. 11 reveals that
clusters of fine particles smaller than 20 nm are observed at
the onset of precipitation. They are nucleated heterogeneously
in the grain boundaries. These tiny particles are effective in
delaying the stress relaxation rate. As time goes by, precipi-
tates start to coalesce, increasing their size to 125 nm at the

finish of Stage II. The coalescence forming larger precipitates
contributes to the stress levels decrease, and the quantity
of these particles also decreases. The coalescence of the Z-
phase precipitates is directly related to the surface tension
of the matrix-precipitate interface. This observation is due to
the contour surface energy, where the free energy per atom
of a large precipitate is lower than that of a small one. This
free energy difference is the driving force that causes the dis-
solution of small precipitates and the growth of larger ones.
Similar results have been reported by Liu et al. [31] when study-
ing the kinetics of Nb(CN) precipitation in Nb microalloyed
steels. These observations support the interpretation that the
formation of the present strain-induced Z-phase precipitates
during the progress of stress relaxation is responsible for the
formation of the plateaus in the � vs. log (t)curves.

The MEV/EDS analysis of Z-phase precipitates (Nb, 24.47%
Cr, 8.85% N) is shown in Fig. 12. The particles nucleate and grow
in the grain boundaries, as mentioned above, and is shown in
Fig. 11. These precipitates prevent grain boundary mobility,
delaying the ability to static recovery and recrystallization.
Researches report that these precipitates are complex car-

bonitrides with a tetragonal structure formed by chromium,
niobium and nitrogen that stabilize the austenitic phase in
stainless steels [32,33]. The formation process of these precipi-
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ates is not clearly explained, but they present relative stability
hen compared to other carbonitrides. Finally, when the stage

II is reached, after a specific time (t > 30 min) with the coa-
escence and dissolution of the precipitates, there is a better
edistribution of the grain boundaries and larger precipitates.
his phenomenon led to significant relief of the stress levels.

.  Conclusions

n the present investigation, the behavior of the static
ecovery-precipitation interaction during stress relaxation
ests was evaluated. The start (tps) and finishing (tpf) time of
he strain-induced Z-phase precipitation (CrNbN) in ASTM F
teel-1586 were established. The results led to the following
onclusions:

 The stress relaxation technique allows the indirect inves-
tigation to monitor the precipitation process through the
stress levels in the � vs. log (t) curves. Three different stages
were revealed, and a delay in stress relaxation was observed
in the second stage.

 After the 0.05 pre-strain, during the relaxation period, a time
of approximately 120 s was necessary to observe the curve
profile change from a decreasing behavior to a plateau.
This behavior suggests the required time for sufficient pre-
cipitation of the Z-phase. Additionally, the proposed PTT
diagram showed a curve C-type form, a characteristic of the
softening-precipitation competition. The effective precipi-
tation started around 1050 ◦C after the confirmed time of
approximately 120 s.

 The microstructure analysis showed that the precipitates
are of the type (CrNbN), and at the start of the effective
precipitation process, they have sizes of about 20 nm and
coalesce into larger particles (125 nm)  reducing their num-
ber in the matrix at the finish of the second stage. These
bigger precipitates relieve the delay of the stress relaxation
leading to the continuation of the static recovery.
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