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The influence of aging condition and the precipitation kinetics of 17-4 PH stainless steel (AISI 630) were
studied in this paper. The effect of aging temperature and time in terms of tempering parameter on the
strengthening behavior of this steel was modeled and analyzed by means of artificial neural networks
(ANNSs). The hardening, overaging and softening behaviors in accordance to aging reactions (precipita-
tion and coarsening of Cu, recovery, and reversion of martensite to austenite) were determined from this
ANN model. Moreover, Johnson-Mehl-Avrami-Kolmogorov (JMAK) analysis were applied to characterize
precipitation kinetics of this martensitic age hardenable alloy. Time exponents (0.465 on average) were
within the range reported for maraging steels. The activation energy for precipitation reaction was deter-
mined as 262 kjmol~! which is consistent with the activation energy for diffusion of copper in ferrite.

Furthermore, precipitation rate showed exponential dependence on aging temperature.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Among the precipitation hardening stainless steels, martensitic
alloys such as 17-4 PH, 15-5 PH and PH 13-8 Mo have special impor-
tance due to their very high strength and hardness. 17-4 PH (AISI
630) is more common than any other type of precipitation hardened
stainless steels. Its ability to develop very high strength without the
catastrophic loss of ductility and its superior corrosion resistance
to other steels of similar strength, have made it very attractive to
designers and engineers [1-6].

This steel is strengthened by precipitation of copper rich phases
in the martensitic matrix through a simple solution treatment and
aging practice. The aged condition is generally indicated by the let-
ter “H” followed by the temperature in degrees Fahrenheit at which
the aging took place. 17-4 PH stainless steel can be heat treated ata
variety of temperatures to develop a wide range of properties. Stan-
dard one-step aging treatments applicable to alloy 17-4 PH after the
solution treatment are shown in Table 1.

Alloy 17-4 PH exhibits useful mechanical properties in solution-
treated condition (called as Condition A) which has been used
successfully in numerous applications. The hardness and tensile
properties fall within the range of those for Conditions H1100 and
H1150. However, in critical applications, the alloy is used in the
aged condition, rather than Condition A. Heat treating to the over-
aged condition, especially at the higher end of the temperature
range (see Table 1), stress-relieves the structure by tempering the
martensitic structure and may provide greater toughness and more
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reliable resistance to stress corrosion cracking (SCC) than in Condi-
tion A.

During aging treatment, recovery and reversion of martensite
to austenite may occur in addition to the formation and growth
of copper precipitates [3-11]. Since the chromium in this alloy is
within the spinodal line, phase decomposition of martensite into
the Fe-rich a and the Cr-enriched o’ is expected during long-term
aging (of the order of thousand hours) below 450°C [7,8].

Since the strength, hardness, toughness and corrosion resistance
of 17-4 PH stainless steels vary with aging condition, it is very
important to understand the aging response of this alloy. In this
paper, the effect of aging temperature and time on the hardening
behavior of 17-4 PH stainless steel was modeled and analyzed by
means of artificial neural networks (ANNs). ANN is a powerful tool
for modeling, especially when the underlying data relationships
between the inputs and outputs are unknown. ANN modeling can
overcome some of the difficulties associated with other methods.
For example, it does not need to choose a (physical) relationship
between the parameters before analysis.

2. Methodology
2.1. Database

A relatively large database was taken from the literature
[1,3,5,6,9-14]. These data were divided into three groups, 70% for
the training set, 15% for the validation set and 15% for the test set. In
this paper, the validation set is used to control training process and
the testing set is used to evaluate the generalization ability of the
trained network. The tempering temperature and time in terms of
tempering parameter values are used as input data and the relative
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Table 1

Standard one-step aging treatments for alloy 17-4 PH.

Condition Temperature (°C) Aging time (hours) Cooling
H900 482 1 Air
H925 496 4 Air
H1025 551 4 Air
H1075 580 4 Air
H1100 593 4 Air
H1150 621 4 Air

percentage of hardening values are considered as output data.
These parameters will be introduced in the following sections.

2.2. Tempering parameter

Tempering charts usually give hardness as a function of temper-
ature for only one tempering time. However, in practice, tempering
times vary frequently, and a method of converting tempering curves
for one time to curves for another time would be very valuable.
These two variables could be combined in the form of time-
compensated temperature which is known as Larson-Miller or
Hollomon-Jaffe tempering parameter (P) [15,16] by the equation
below:

P=T(C +logt) x 1073 (1)

where Tis the absolute temperature in Kelvin and t is the tempering
time in hour, while Cis the materials constant in the range of 10 to
20, which in many applications considered to be 20.

2.3. Relative percentage of hardening

The as reported hardness values prior to and after aging treat-
ment in different references depend considerably on variations in
chemical composition and also hardness measurement technique.
In order to overcome this problem, a dimensionless parameter
named as relative percentage of hardening (H;) was defined in this
study by the equation below:

_ (H-Hq
Ht_( . )xlOO )

where, H and Hg; are the measured hardness of aged and solution-
treated specimens, respectively.

2.4. ANN approach

(1) A standard feed-forward network with one hidden layer [17]
was used in the present work. Complexity of the model is related
to the number of hidden units. An overcomplex network accu-
rately models the training data but generalizes badly [18]. The
number of hidden units was determined by the try and error
procedure [19-21].

(2) The nonlinear hyperbolic tangent activation function (Eq. (3))
[19] and linear transfer function were used in the hidden and
output layers, respectively.

eX—e™
ex e x

y =tan sig (x) = 3)

(3) The well-known back-propagation method is usually used to
train ANNs. The early standard algorithm usually requires many
iterations to converge if it converges at all. Therefore, a number
of variations of the standard algorithm have been developed.
Among them, the Levenberg-Marquardt is the most popular
one [19-21]. This training algorithm was used in this work.

(4) The neural network can be easily overtrained, in which the error
rate on new unseen data becomes much larger than the error

rate on the training data. Therefore, it is important not to over-
train the network. A good method for choosing the number of
training epochs (iterations) is the early stopping technique. In
this technique, the training process must be stopped when the
error measured using an independent validation set starts to
increase [22]. This method was used in the present work.

(5) If the network is properly trained, it has then learned to model
the function that relates the input variables to the output vari-
ables and can subsequently be used to make predictions where
the output is not known. This ability is called generalization
[19-21]. In this paper the test set was used to evaluate the
generalization ability of the trained network.

The emphasis of this paper is on the applications of ANN as
a powerful modeling technique. Therefore, the method used was
briefly explained here and more details can be found elsewhere
[19-21].

3. Results and discussion
3.1. The aging response

Fig. 1 shows the effect of tempering parameter on the harden-
ing behavior of the solution-treated specimen from data reported
in the literature [1,3,5,6,9-14]. The available data is noisy, especially
at peak and overaging zones. Therefore, the conventional linear
and nonlinear regression methods are inappropriate to model this
behavior. Besides that, a common application of artificial intelli-
gence is pattern recognition for the purpose of drawing conclusions
based on data [23].

The results of the best nonlinear fitting and obtained curve
by ANN method are shown in Fig. 2. The ANN curve has better
fit to available data, especially at low and high values of tem-
pering parameter, showing the appropriateness of ANN statistical
approach. The ANN curve for relative percentage of hardening and
also its derivative (rate of hardening) versus tempering parameter
are shown in Fig. 3. The derivative curve was obtained using the
central difference approach by the following equation:

_ Ht’m B Ht’m
i Piy1 = Piy

dH;

P (4)

As can be seen in Fig. 3, by increasing tempering parameter, the
relative percentage of hardening shows four successive stages:
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Fig. 1. Effect of tempering parameter on the aging behavior.
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Fig. 2. Nonlinear and ANN curves fitted to available data.

(i) At low tempering parameters up to 10, there is no tangible
increase in the relative percentage of hardening. This trend is
better understood from the curve of hardening rate (dH;/dP).
This behavior is ascribed to insufficient temperature and time
for precipitation of copper phase.

(ii) At the tempering parameters ranging from 10 to 15, the precip-
itation of copper becomes dominant that leads to increase in
hardness. Moreover, the derivative curve shows a peak point at
tempering parameter of 13.25 that coincides with an inflection
point in hardening curve. This may be attributed to a softening
mechanism such as recovery of martensite that becomes more
effective at this stage.

(iii) After the peak point of hardening curve up to tempering param-
eter of 17.9, the relative percentage of hardening continuously
decreases. This phenomenon can be attributed to the simulta-
neous effect of recovery, coarsening of copper precipitates and
probably reversion of martensite to austenite. Furthermore, the
derivative curve shows that the rate of softening increases by
increasing the tempering parameter and finally reaches to a
constant value at this range.

(iv) After the tempering parameter of 17.9, the relative percent-
age of hardening becomes negative. The derivative curve shows
that the rate of softening reduces and finally tends to zero value.
In this stage, martensite has already been tempered, precipi-
tates have been coarsened and considerable amount of reverted

S a0 N N w
o o o ()] o
I I | ] 1

LI S S p B m e

(9]
1

Hl‘ and dHt/dP

»h o
1

-10

.
.
]
.
.
)
.
.
.
.
.
.
.

-15 -

Fig. 3. Relative percentage of hardening (H;) and its derivative versus tempering
parameter (P).
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Fig. 4. Effect of aging time on the hardening behavior at various temperatures for
17-4 PH stainless steel.

austenite has been formed. Therefore, the impact of aging on
hardness will be diminished.

The maximum hardness is obtained at tempering parameters
ranging from 14.5 to 15.5 (e.g. H900 condition) which is suitable for
applications requiring high strength and hardness. Aging at tem-
pering parameters ranging from 15.5 to 17.9 (e.g. H1025 condition)
generally falls in the overaging condition that is considered for bet-
ter toughness and greater resistance to stress corrosion cracking.
Tempering parameters above 17.9 (e.g. H1150 condition) produce a
material softer than the one in the solution-treated condition. The
material in this condition is suitable for cold working [6]. It is note-
worthy that this steel in the solution-treated condition, which is
equivalent to as annealed state of conventional materials, is quite
hard.

3.2. Effect of aging time and temperature

Fig. 4 shows the effect of tempering time on the hardening
behavior at various aging temperatures. The common character-
istics of hardening curves are: (i) the hardness increases gradually
at lower temperatures but rapidly at higher temperatures to a peak
value, (ii) The time required to achieve peak hardness decreases
with increasing temperature and (iii) the hardness decrease beyond
peak hardness is more prominent at the higher temperatures. These
behaviors are in general agreement with previous investigations
[3,24].

Fig. 5 shows the effect of tempering temperature on the hard-
ening behavior at various tempering times. The dependence of
hardness on tempering time decreases by increasing temperature
up to about 460 °C. After this temperature, the dependence of hard-
ness on tempering time increases again. The highest values of
hardness (and also strength) for 17-4 PH stainless steel are generally
obtained after aging from 440 to 490 °C (Fig. 5). On the other hand,
aging above 595 °C (corresponding to 4 h aging) generally results in
material softer than that in the annealed condition. The later phe-
nomenon can be attributed to (i) coarsening of copper precipitates,
(ii) recovery and (iii) formation of reverted austenite [3-5,9].

3.3. Avrami analysis

In order to apply the hardness measurements to kinetics anal-
ysis, a relationship between the relative percentage of hardening
and fraction transformed is required. In typical investigations of
this kind, the fraction transformed has been assumed to be linearly
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Fig. 5. Effect of temperature on the hardening behavior at various aging times for
17-4 PH stainless steel.

proportional to the change in hardness, resistivity or conductivity
values [25-28]. However, a more complex approach (a modifica-
tion of method described in Reference [24]) is used in this paper.
The strength increase (At) and also hardness increase (owing to
proportionality of hardness to the flow stress), due to fine, coher-
ent and ordered precipitates with radius of r and volume fraction
of f, can be expressed by Eq. (5) [24,29], which has been written for
relative percentage of hardening (Hy):

AT o« Hp o f1/271/2 (5)

Assuming spherical precipitates (for simplification) and site
saturation for the nucleation process, the volume fraction of pre-
cipitate phase could be simply related to the precipitate radius, as
follows [24]:

f o (4/3)r3 = 11/2 o« f1/6 = Hy o f2/3 (6)

The volume fraction of precipitates (f) could be directly propor-
tional to the volume fraction transformed (X) [24]. Therefore, the
volume fraction transformed is related to the relative percentage of
hardening as follows:

focHY? = X o HY? (7)

To utilize the modified Avrami equation in the form of X =
1 — exp(—(kt)™) [30-33], H; should be used in normalized form by
dividing it to the peak or maximum value of relative percentage of
hardening at same temperature (Hp, ). Therefore:

(He/Hm)*? o 1 — exp(—(kt)") (8)
After some algebra, the following relationship could be derived:

log In(H2/? /(H3/* — H/?)) o nlog k+n log t (9)
3.4. Calculation of time exponents and activation energy

To obtain the Avrami exponents (time exponents), n, for precip-
itation reaction in 17-4 PH stainless steel in the hardening portion
(up to peak), values of log In (H,3n/2/(H,3n/2 - Hf/z)) were plotted ver-
sus log t at different temperatures as shown in Fig. 6. The linear
regression of these data (lines with slope of n and intercept of n log
k) results in the n values of 0.442, 0.460, 0.472 and 0.484 at 400, 450,
482 and 551 °C, respectively. The value of n can be taken as 0.465
on average for precipitation reaction in 17-4 PH stainless steel. This
is relatively consistent with typical value of 0.667 for precipitation
on dislocations [34].
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Fig. 6. Plot for calculation of Avrami exponent for precipitation reaction.

The temperature dependence of transformation kinetics has
been estimated by the following Arrhenius equation [33]:

k = ko exp(—Q/RT) (10)
or
In k =1In ko +(—Q/R)(1/T) (11)

To obtain the activation energy, Q, for precipitation reaction
(nucleation and growth) in 17-4 PH stainless steel, k values were
determined from regression analysis of Fig. 6 and subsequently the
values of In k were plotted versus 1/T (T is in Kelvin) as shown
in Fig. 7. The linear regression of these data results in the Q
value of 262 kJmol~1. This is consistent with the expected value
of 283.9 kJmol~"! for diffusion of copper in ferrite [35]. In a previous
study, the precipitation activation energy in a 17-4 PH stainless steel
has been calculated as 248 kjmol~! using the dilatometric curves
[36]. However, in another study [37], the activation energy for pre-
cipitation in a 17-4 PH alloy has been calculated as 112.2 kjmol~!
from the resistivity measurements.

Previous investigations [30-32,38-42] on the precipitation
kinetics of maraging steels have shown that Avrami exponents from
kinetic equations have values ranging from 0.2 to 0.5. These are well
below expected values for various nucleation and growth processes.
The apparent activation energies for precipitation in these alloys
were in the range of 79-196 kjmole~! [30-32,38-42], considerably
lower than typical values for diffusion of corresponding elements
(e.g. Ni and Al) in ferrite. The low time exponents and apparent
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Fig. 7. Plot for calculation of activation energy for precipitation reaction.
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Fig. 8. Precipitation kinetics during isothermal aging for 17-4 PH stainless steel.

activation energy values have been attributed to the nucleation of
intermetallic phases along or near dislocations, followed by growth
of the precipitates via enhanced dislocation pipe diffusion. The
aforementioned interpretation is reasonable due to high disloca-
tion density associated with the martensitic matrix in these alloys
[24].

In the case of the present investigation, the calculated low
Avrami exponents can be ascribed to the enhanced nucleation rate
of copper due to the high dislocation density in as-quenched lath
martensitic structure. In other words, precipitation generally tends
to start on dislocations, boundaries of lath martensite or bound-
aries of prior austenite grains, where the least energy is required
for precipitation process. Furthermore, the calculated activation
energy for precipitation is consistent with the expected value of
283.9kJmol~! for diffusion of copper in ferrite.

3.5. Precipitation progress and its rate
Based on Avrami analyses, the following formula could be

derived for precipitation reaction in 17-4 PH stainless steel at the
hardening stage:

261.87 x 10\ | 7*®
X=1-expy — <e38 X eXp <_)> « 10465 (12)

8314 xT
or
121.77 x 103
_1_ _17.67 _ 0.465
X=1 exp{ e xexp( S3A X T )xt } (13)

where T is temperature in Kelvin and t is time in second.

Fig. 8 shows the volume fraction transformed, X, as a function of
time at various temperatures. The curves exhibit typical sigmoidal
form (S-shaped). However, no classical (sharp) incubation period is
detected in these precipitation curves. The early increase in rate of
precipitation is followed by a linear region, and finally the rate of
precipitation decreases and tends toward zero.

Fig. 9 shows the fraction transformed as a function of temper-
ature and time in the form of time-temperature-transformation
(TTT) diagram. It is apparent from this figure that the precipita-
tion rate increases by increasing aging temperature. The incubation
period for the onset of precipitation at conventional aging temper-
atures (above 482 °C, see Table 1) is very short. Therefore, there is
no significant free energy barrier for the nucleation process at these
temperatures [37].

The transformation rate can be estimated by the reciprocal
of the time corresponding to precipitation fraction of 0.5 or 50%

640
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400+

Temperature (°C)

320+

240

Fig. 9. Time-temperature-transformation diagram for copper precipitation in 17-4
PH stainless steel.

(1/to.5). Fig. 10 shows the dependence of 1/ty 5 on aging tempera-
ture. Analysis of the curve, results in the following relationship for
precipitation rate in 17-4 PH stainless steel:

Rate = ti o« exp(0.0566 x T) (14)
0.5

Eq.(14) provides useful information about precipitation kinetics.
Forinstance, precipitationrate at482 °Cis about 100 and 1750 times
greater than precipitation rate at 400 and 350 °C, respectively. This
is apparent that aging temperature has a great impact on the rate
of precipitation, and the precipitation kinetics at low temperatures
is very slow.

3.6. Controversies on activation energy calculation

Avrami equation in the form of X =1 — exp(—kt") accompa-
nying with temperature dependence of transformation kinetics
in the form of k=koexp(—Q/RT) yields to the Q value of
115.6kJmol~1. This is close to a previously reported value for this
steel (112.2 kjmol~1) [37]. However, based on the Avrami equation
of X =1 — exp(—(kt)") accompanying with k = kgexp(—Q/RT), the
value of 262 kjmol~! was obtained for Q. The question remains to be
answered: Which kinetic equation should be used for calculation

0.25

0.00

660 680 700 720 740 760 780 800
T(K)

Fig. 10. Precipitation rate as a function of aging temperature for 17-4 PH stainless
steel.
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Fig. 11. Calculation of activation energy using the time for constant fraction tech-
nique.

of activation energy? In order to solve this problem, an alternative
method was used for calculation of activation energy.

It is widely accepted that the overall rate of the transformation
process in its general form may be expressed by [43]:

& ik exp (=) (15)

where f(X) is a function of X only. Integration of this equation from
0 to tp 5 results in:

to.5 0.5
Q -1
dt = exp | — x/ [kof(X)]” dX (16)
/0 (=r) 0

After some algebra, the following relationship could be derived:

intos= (2) [¢] +in{ [ arvorax] 1)

It follows from this expression that the slope of the plot of In tg 5
against reciprocal of absolute temperature can be used for obtain-
ing the value of Q/R. This method is known as “the time for constant
fraction technique” [43]. The plots of In tg 5 vs. 1/T (T is in Kelvin)
for both forms of kinetics equations are shown in Fig. 11. The acti-
vation energies from kinetics equations of X = 1 — exp(—kt™) and
X =1 —exp(—(kt)") are calculated as 248.6 (consistent with [36])
and 262.2 kJmol~! (consistent with Section 3.4), respectively. The
two kinetics equations yield relatively similar results which are con-
sistent with the activation energy for diffusion of copper in ferrite.
It can be concluded that choosing the inappropriate combination
of kinetics equations may significantly alter the calculated activa-
tion energy and may yield completely different interpretation of
results.

4. Conclusions

(1) The effect of aging temperature and time on the hardening
behavior of 17-4 PH stainless steel was modeled and analyzed
by means of artificial neural networks (ANNSs).

(2) At low tempering parameters, the increase in hardness is very
low. At higher values up to peak point, the hardness increases
due to precipitation of Cu. A softening process, probably recov-
ery of martensite, becomes more effective after an inflection
point in this range. After peak point, the hardness decreases
due to precipitate coarsening, recovery, and also the reversion
of martensite to austenite.

(3) The hardness increases gradually with time at lower temper-
atures and rapidly at higher temperatures to a peak value.
Moreover, the hardness decrease beyond peak point is more
prominent at higher temperatures.

(4) Using Avrami analyses for precipitation kinetics of 17-4 PH
stainless steel, the average value of time exponent (n) was found
as 0.465. This low value can be ascribed to the enhanced nucle-
ation rate of copper in the highly dislocated martensitic matrix.

(5) Precipitation rate showed an exponential dependence on aging
temperature: Rate o« exp(0.0566 x T).

(6) Activation energy for precipitation reaction was determined as
262 kJmol~! which is consistent with the expected value of dif-
fusion of copper in ferrite (283.9 kjmol~1). It has been shown
that for correct calculation of activation energy, the combina-
tion of X = 1 — exp(—(kt)") and k = kogexp(—Q/RT) or the time
for constant fraction technique could be used.
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