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In order to investigate the recrystallization behavior of peened surface deformation layer of precipitation
hardening stainless steel, a classic x-ray diffraction line profile analysis, Voigt method, was carried out on
peened 17-4PH with different isothermal annealing temperatures. The activation energy of domain
boundary migration (Q,) and the activation energy of microstrain relaxation (Qp) were calculated by
regression analysis in different annealing temperature conditions. The results show that the value of Q,
decreases with annealing temperature increasing, which is due to the influence of precipitation (g-Cu) size
on the movements of grain and subgrain boundaries. The maximum growth rate of ¢-Cu particles occurs
during 400 to 500 °C interval. Compared with growth behavior of domain size, microstrain relaxation
behavior is less sensitive to precipitation particle size. The effects of annealing temperature and time on
dislocation density are both significant when annealing temperature is lower than 500 °C. However, the
effect of annealing temperature on dislocation density becomes insignificant when annealing temperature is
higher than 500 °C. 300 °C annealing temperature only leads to the microstrain relaxation but nearly
cannot lead to the domain size growth even if prolonging annealing time. Microstructure enhancement
effect still exists in plastic deformation layer when 300 °C annealing temperature lasts for 60 min but

nearly disappears when 600 °C annealing temperature lasts for 20 min.

Keywords dislocation density, precipitation hardening stainless
steel, recrystallization behavior, shot peening, Voigt
method

1. Introduction

Precipitation hardening stainless steels have become
increasingly important in industrial applications due to their
excellent combination of mechanical properties and corrosion
resistance (Ref 1-3). In order to improve the fatigue strength,
stress corrosion resistance and surface hardness of precipitation
hardening stainless steel, shot peening (SP) treatment is usually
carried out on this kind of material (Ref 4,5). Two kinds of
changes take place in surface deformation layer after SP
treatment: the change of microstructure (such as domain size,
microstrain and dislocation density) and the change of residual
stresses. Both of these changes affect the fatigue properties of
metals at room and elevated temperature. As the working
temperature of precipitation hardening stainless steel compo-
nent is usually higher than room temperature, the stabilities of
residual stresses and microstructure in surface deformation
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layer are very important for SP component in industry. Most of
the researchers believe that the main reason of SP to improve
fatigue resistance of material is due to introducing compressive
residual stresses in the surface layer, which can hinder the
nucleation and the propagation of fatigue cracks. Therefore,
there are many research works regarding thermal relaxation of
residual stresses in SP material (Ref 6-8), but the research
works regarding the microstructure evolution of SP material at
elevated temperature are rare (Ref 9). The investigation on the
thermostability of microstructure at elevated temperatures is
important for precipitation hardening stainless steels to main-
tain good fatigue properties, which is also a necessary
complement to the previous work (Ref 6). Until now, most of
the researches about precipitation hardening stainless steels
focus on the mechanical properties during aging kinetics (Ref
1,10-12), and little investigation has been carried out on
recrystallization behavior and microstructure thermostability of
precipitation hardening stainless steels after cold work harden-
ing treatment such as SP.

X-ray diffraction line profile analysis is a powerful alterna-
tive to electron microscope for characterizing the microstruc-
ture of crystalline materials because of reliability and non-
destruction (Ref 9,13-15). Moreover, compared with SEM,
TEM or other electron microscope’s results, the microstructure
obtained from x-ray diffraction is a statistical result which can
reflect the average case of microstructure in relative large area.
To some extent, the microstructure obtained from x-ray
diffraction measurement is more meaningful for material
overall mechanical properties than electron microscope’s
results. In this paper, one typical precipitation hardening
stainless steel, 17-4PH, was chosen as investigated material.
This kind of steel is widely used in industry for a variety of
applications including turbine blades, gears, nuclear reactor
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components (Ref 1). The recrystallization behavior of defor-
mation layer induced by SP was discussed via XRD line profile
analysis.

2. Experimental Setup

Investigations were carried out on 17-4PH steel specimens.
The chemical composition of 17-4PH steel is listed in Table 1.
The specific heat treatment process was austenitized for 1 h at
1035 °C, water quenched down to 25 °C, tempered at 815 °C
for 0.5 h and cooled in a vacuum furnace, tempered again at
570 °C for 3 h and cooled in a vacuum furnace. The
dimensions of all specimens were 30 mm x 15 mm x 10
mm. In this work, the dual SP treatment was carried out on
30 mm x 15 mm surface of all specimens via air blast SP
equipment. The shot media of the first and the second SP
treatments were cast steel balls (Dgjameter = 1.0 mm, 640 HV)
and Al,Oz; ceramic balls (Dgiameter = 0.1 mm, 700 HYV),
respectively. The diameter of peening nozzle was 15 mm, and
the distance from peening nozzle to specimen was 100 mm.
The shots impact angle was 90°. A type Almen strips were used
to measure peening intensities, and the arc height of Almen
specimen was 0.5 + 0.1 mmA for all specimens in this work.

In order to investigate the recrystallization behavior of
peened 17-4PH, the different isothermal annealing processes
were carried out with temperatures ranging from 300 to 600 °C.
XRD investigation was conducted on the SP specimens after
the specimens cooled down to room temperature. The
microstructure variations of deformation layer were calculated
by a classic XRD line profile analysis method: Voigt method
(Ref 16,17). According to Voigt method, the observed XRD
line profile /(x) can be expressed as after Stokes deconvolution
(Ref 18):

= [ e (Eq 1)

where f is the structurally broadened profile and g is the
instrumental profile. According to Voigt method, the relation-
ship of integral breadth f§ is given by (Ref 16,17):

r2 2

6= BG + B B = B+ B (Eq2)
where subscripts G and C denote the Gaussian and Cauchy
components, and superscripts %, f, g denote the measured line
profile, the structurally broadened profile and the instrumental
profile, respectively. It is assumed that the Cauchy component
of the f profile is solely due to crystallite size and the Gaus-
sian component of the f profile is solely due to microstrain.

In Voigt method, the domain size and microstrain are given
by (Ref 16,17):

Table 1 The chemical composition of 17-4PH

D:i/ﬁfccos(O), 3zﬁé/4tan(0) (Eq 3)

In order to calculate the variation of the domain size and
microstrain during isothermal annealing, (110) crystallite plane
of 17-4PH steel and o-Fe annealed powder were measured as
the 4 and the g profiles. The diffraction profiles of all specimens
were measured by Dmax/rc diffractometer with CuKo radia-
tion, voltage 40 kV and current 100 mA. The scan velocity was
0.5°/min, and the step size was 0.01°.

For the calculation of dislocation density, the relationship
between dislocation density, domain size and microstrain is
accordingly given by (Ref 19,20):

23 (&)
=L

(Eq 4)

where p, is the total dislocation density, b is the amount of
the burgers vector of dislocation [» = 0.25 nm in this work
(Ref 5)], L is the mean domain size in specific direction (size

of coherent scattering regions), and (£2>1/ * is the mean
microstrain.

As SP treatment leads to some microdefects existing on the
surface of specimen, the XRD measurements were taken on
specimens after the removal of 20-um layer from peened
surface via electrolytic method in order to avoid the microde-
fect effect. The exact removal depth was measured and
controlled via vernier caliper. In this paper, all the data of
peened surface were 20 um from real surface. The depth
profiles of microstructure calculated values were determined by
iterative electrolytic removal of thin surface and subsequent x-
ray measurement.

3. Results and Discussion

In the SP treatment, both of new residual stresses distribu-
tion and microstructure variations are introduced into the near-
surface region. Figure 1 shows the XRD patterns of the peened
surface under different annealing time and temperature condi-
tions. The characteristic peaks of base material (a-Fe) and the
phase that precipitates from the matrix (e-Cu) appear in all
annealing conditions. From Fig. 1(a), it can be seen that all o-
Fe diffraction peaks become sharper with time increasing in the
300 °C annealing temperature condition. From Fig. 1(b), it can
be seen that all o-Fe diffraction peaks become sharper with
annealing temperature increasing in the condition of 60-min
annealing time. As SP treatment leads to the domain size
decreasing and microstrain increasing in the surface deforma-
tion layer (Ref 21-23), recrystallization behavior of surface
deformation layer definitely occurs when annealing process is
carried out on SP specimens.

Element composition, wt.%

C Si Mn Cr Ni Cu Nb + Ta
< 0.055 < 1.00 < 05 15.00-16.00 3.80-4.50 3.00-3.70 0.15-0.35
P S Al Ti N Fe

< 0.035 < 0.030 < 0.050 < 0.05 < 0.05 Balance
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Fig. 1 XRD patterns of peened 17-4PH surface with different
annealing times and temperatures (a) Tynneaiing = 300 °C; (b) anneal-
ing time = 60 min

In order to obtain the evolution of domain size and
microstrain of peened 17-4PH during annealing process, the
structurally broadened profiles of 17-4PH peened specimens
were separated from observed XRD line profile firstly by Eq 1
and 2 according to XRD pattern shown in Fig. 1. After that the
domain size and microstrain in different annealing conditions
were calculated by Eq 3 according to the data from obtained
Gaussian and Cauchy integral breadth 5. Figure 2 shows the
evolution of surface domain size in different annealing
temperature conditions. It can be seen that the nanoscaled
domain size appeared at the top surface after the SP treatment
and the domain size increases with annealing time increasing.
Higher annealing temperature makes the domain growth rate
faster. Comparing with the growth behavior of domain size in
this four annealing temperature conditions, it can be seen that
the domain growth rate is higher in the initial stage of annealing
(5 min). This phenomenon is more obvious under the condition
of higher-temperature annealing process. With increasing
annealing time, the domain growth rate becomes lower.
Specifically, the domain growth rates of 300 and 600 °C
annealing temperatures are 1.2 and 15.2 nm/min in the initial
stage of annealing process; meanwhile, the domain growth rates
of 300 and 600 °C annealing temperature are 0.5 nm/min and
4.1 nm/min when annealing time is about 60 min. The growth
rate of domain size D can be given by (Ref 24):
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Fig. 2 The evolution of surface domain size in different annealing
temperature conditions

b =AD" exp {— %} (Eq 5)

dt
where ¢ is the annealing time, 7 is the annealing temperature,
R is the gas constant (8.314 Jmol K1), 4 and n are the
material’s constants, and Q, is the activation energy of do-
main boundary migration. Integrating D in Eq 5 can give:

o (Eq 6)

2 2
D; = Dy + At(n + 1)exp {fﬁ

where Dy is the original domain size and D, is the domain
size at ¢ time. According to Eq 6 and the data in Fig. 2, the
values of Q, in annealing temperatures 300, 400, 500 and
600 °C are obtained by computer regression analysis, which
are 40.2, 40.0, 35.8 and 35.1 kJ/mol, respectively. According
to the calculated results, O, decreases with increasing temper-
ature of annealing process, but the variation of O, is insignifi-
cant when the annealing temperature is below 400 °C or
above 500 °C, which is mainly due to the influence of precip-
itation on the movements of grain and subgrain boundaries. It
is well known that the hardening mechanism of 17-4PH is
due to the formation of a submicroscopic copper-rich phase,
so the precipitation particles of copper play an important role
in the recrystallization behavior. In the early stage of the pre-
cipitation of copper, coherent bce clusters nucleate and grow
in the supersaturated bcc matrix and lose coherency after
reaching a certain critical size (Ref 1,25, 26). After that, the
size of particle (e-Cu) increases with the annealing time.
According to the calculated data, activation energy of domain
boundary migration decreases with temperature increasing in
the range from 300 to 600 °C, which represents the disloca-
tions movement of peened 17-4PH in lower-temperature
annealing process is more difficult than that in higher-temper-
ature annealing process. Specifically, Q, decreases only about
0.2 kJ/mol when annealing temperature increases from 300 to
400 °C but decreases 4.4 kJ/mol when annealing temperature
increases from 400 to 500 °C, which represents the size of
precipitation particles (e-Cu) increases insignificantly during
300 to 400 °C but increases sharply in the range of 400 to
500 °C. The Q, decreases 0.7 kJ/mol from 500 to 600 °C,
which represents the growth rate becomes lower again in the
range of 500-600 °C.
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According to Ref 24, 27, there are two mechanisms for
precipitation hardening, i.e., dislocations cutting through par-
ticle mechanism and dislocations bowing around particle
mechanism, which depends on the size of the precipitate
particles. The schematic diagram of precipitation hardening
mechanism is shown in Fig. 3. In terms of dislocation cutting
through particle mechanism, as the size of the second-phase
particles increases, the particles impede dislocation movement
and it becomes increasingly difficult for the particles to cut
through the material. The material strength can be given as
Eq 7:

Yy
7L

where 7 is material strength, r is the second-phase particle ra-
dius, y is the surface energy, b is the magnitude of the Burg-
ers vector, and L is the spacing between pinning points. From
this equation, it can be seen that the strength of a material in-
creases with increasing r. In terms of dislocations bowing
around particle mechanism, the strength is inversely propor-
tional to the second-phase particle radius », which can be gi-
ven as Eq 8:

L Gb
T L-2r

(Eq 7)

(Eq 8)

where 7 is the material strength, G is the shear modulus, b is
the magnitude of the Burgers vector, L is the distance be-
tween pinning points, and r is the second-phase particle ra-
dius. Dislocation bowing, also called Orowan strengthening
(Ref 27), is more likely to occur when there are large parti-
cles present in the material. When r is smaller than critical ra-
dius, cutting mechanism will dominate. When r is larger than
critical radius, bowing mechanism will dominate.

According to Ref 1, 6, the critical radius of age-hardening
17-4PH appears in the condition of tempered at 480 °C for 1 h.
The critical radius of the second-phase particle (e-Cu) leads to
maximum strength and hardness occurring in this condition. As
the initial condition of 17-4PH specimen in this work was
tempered 815 °C for 0.5 h and tempered again at 570 °C for
3 h, the radius of the second-phase particle (e-Cu) must be
larger than critical radius. The precipitation hardening mech-

Bowing

Dislocation cutting through particle
- Dislocation bowing around particle

=
-
2
2 Cutting
N
7]

i Point A

IPcritical

Radius of second phase particle

Fig. 3 The schematic diagram of material strength vs radius of the
second-phase particle
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anism in all conditions of this work was belonged to the bowing
around particle mechanism, which represented the strength and
hardness decreased with increasing €-Cu particle size (Ref 1, 6).
As the domain boundary migration became easier when the &-
Cu particle size increased, the activation energy of domain
boundary migration (Q,) became smaller when the &-Cu
particle size became bigger. Based on the calculated Q, in
different annealing temperature conditions, it can be concluded
that during the 300 to 400 °C interval and 500 to 600 °C
interval, the size of e-Cu particles increases slowly. However,
during the 400 to 500 °C interval, the size of &-Cu particles
increases quickly. It is reasonable to predict the maximum
growth rate of &-Cu particles occurring in 400 to 500 °C
interval for 17-4PH, which is also confirmed by the previous
work (Ref 1, 6).

Besides the growth behavior of domain size, the microstrain
relaxation also takes place on the surface of peened 17-4PH
during annealing process. The microstrain relaxation can also
be obtained according to Voigt method. Figure 4 shows the
evolution of surface microstrain in different annealing temper-
ature conditions. It can be seen that microstrain decreases with
increasing annealing time. The higher the annealing tempera-
ture is, the more obvious the microstrain relaxation will be. The
microstrain relaxation rate is much higher at the initial stage
and becomes lower with time increasing. The microstrain
becomes 0.0016 when annealing 1 h with 600 °C, which is
nearly the same as the microstrain of non-peened 17-4PH (Ref
21). According to the previous researches (Ref 28), the
relaxation rate of microstrain de/ds can be given by:

de

— = —Cé"exp [_—Qb]

dr RT (Eq 9)

where ¢ is the microstrain, m is the relaxation exponent, C is
the material constant, and Q, is the activation energy of
microstrain relaxation. After integrating the ¢, Eq 9 can be gi-
ven as:

g[’<’"’l) = g(;(’"*l) + Ct(m — 1) exp [— %] (Eq 10)

RT
where ¢ is the original microstrain, and ¢, is the microstrain
at ¢ time. Based on Eq 10 and the data in Fig. 4, QO of
annealing temperature 300, 400, 500 and 600 °C conditions
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Fig. 4 The evolution of surface microstrain in different annealing
temperature conditions
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is obtained by computer regression analysis, which is 21.7,
21.6, 21.3 and 21.2 kJ/mol, respectively. From these calcu-
lated data, it can be seen that the microstrain relaxation acti-
vation energies in different annealing temperatures are nearly
the same, which means the influence of annealing temperature
on activation energy of microstrain relaxation is insignificant.
Comparing the values of Q, and Q, in different annealing
temperatures, it can be found that Q, is much bigger than Q,
in all chosen temperatures. This result demonstrates that the
occurrence of domain size growth behavior is more difficult
than that of microstrain relaxation behavior.

In the annealing process of peened 17-4PH, domain size
growth is due to the movement of grain and subgrain
boundaries. The precipitation particles retard the domain
growth through impeding the boundaries movements. There-
fore, the effect of precipitation particles (e-Cu) on the activation
energy of domain boundary migration (Q,) is remarkable when
precipitation particle size changes. The microstrain relaxation is
the recovery behavior during annealing process, which is
determined by microstrain own property, and less influenced by
the movement of grain and subgrain boundaries. Compared
with the domain growth behavior, the microstrain relaxation
behavior is less sensitive to precipitation size. Therefore, the
value of O, which is much smaller than the value of Q,,
changes unobviously with annealing temperature variation.

The evolution of surface dislocation density in different
annealing temperature conditions is shown in Fig. 5. It can be
seen that the value of dislocation density decreases sharply at
the initial stage of annealing (5 min) and then decreases
slightly. The higher the annealing temperature is, the more
obvious this trend will be. Specifically, the ratios of the
dislocation density decrement in the initial stage to the total
decreased dislocation intensity during annealing process are
about 72, 64, 32 and 31%, respectively, in the conditions of
600, 500, 400 and 300 °C annealing temperature. The effects of
annealing temperature and time on dislocation density are both
significant in 300, 400 and 500 °C. Comparing with the curves
of 500 and 600 °C conditions, the difference between these two
curves is not significant, which means the effect of annealing
temperature on dislocation density becomes insignificant when
annealing temperature is higher than 500 °C. From Fig. 5, it
can be seen that the dislocation densities after 60-min annealing
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Fig. 5 The evolution of surface dislocation density in different
annealing temperature conditions
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via 600, 500, 400 and 300 °C annealing temperature are about
0.53 x 10%mm’, 0.82 x 10%mm?, 2.0 x 10*mm> and
3.6 x 108/mm2, respectively. As we know that there is a
certain amount of dislocation even in full annealing material,
according to data from Fig. 5, it is reasonable to predict the
dislocation density in full annealed 17-4PH is about
0.53 x 10%/mm?’.

Besides investigating the surface recrystallization behavior,
the recrystallization behavior of deformation layer in depth has
also been investigated in this paper. In order to obtain the
evolution of microstructure in deformation layer during anneal-
ing process, XRD analyses in depth were carried out in different
annealing times. Figure 6 shows the depth profiles of domain size
with different annealing times in 600 and 300 °C annealing
temperature conditions. There is an obvious gradient distribution
of domain size in depth direction after SP treatment, which is due
to the impact energy decreasing with depth increasing. From
Fig. 6(a), it can be seen that in the condition of 600 °C, domain
sizes in different depth of deformation layer increase with
increasing annealing time. Specifically, as the outside heat
transfers to the top surface firstly during the annealing process,
the domain size at top surface increases faster than that at
subsurface, which makes a “hook region” in the D-d curve when
annealing time is less than 10 min. With annealing time
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increasing, the temperature gradient in specimen becomes
uniform and the D-0 curve becomes flatter. However, in the
condition of 300 °C annealing process (Fig. 6b), the D-0 curves
change very slightly with increasing annealing time, which
represents the domain size nearly does not change in the whole
deformation layer even if prolonging annealing time. Figure 7
shows the depth profiles of microstrain with different annealing
times in 600 and 300 °C annealing temperature conditions. With
the increase in annealing time, the microstrains in the whole
deformation layer decrease. The higher the annealing tempera-
ture is, the more the relaxation of microstrain will be. Comparing
with Fig. 6(b) and 7(b), it can be seen 300 °C annealing
temperature only leads to the microstrain relaxation but nearly
cannot lead to the domain size growth even if prolonging
annealing time. However, in the condition of 600 °C, prolonging
annealing time leads not only to the microstrain relaxation but
also to the domain size growth in depth.

Additionally, the evolution of dislocation density in depth in
600 and 300 °C annealing temperature conditions can also be
obtained according to the data in Fig. 6 and 7 via Eq 4, which
are plotted in Fig. 8. It can be seen that the variation tendency
of p-d curve is in agreement with the variation tendency of &-6
curve except for 5 and 10 min in 600 °C. The reason is due to
the heat transfer from surface to interior as mentioned earlier.
Dislocation density in the whole deformation layer decreases
with increasing annealing temperature and time. Even in
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Fig. 7 The depth profiles of microstrain with different annealing
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relative low annealing temperature such as 300 °C, the
dislocation density decreases drastically (about 58% of total
decrement in depth = 0 pm and 39% of total decrement in
depth = 200 um) after 60-min annealing time. It is well known
that the interaction between dislocation such as dislocation
intercross and dislocation tangle would increase the resistance
of dislocation motion, which causes the increment of material
yield strength. According to Bailey—Hirsch equation, the
relationship between yield strength and dislocation density
can be described as follows (Ref 29):

a5 = a9 + fubp'? (Eq 11)

where g, is the yield strength of annealed material, f§ is a
constant of material, u is the shear modulus of material, and
b is the Burgers vector of dislocations. From this equation, it
can be seen that increasing dislocation density can increase
the yield strength of materials. Work hardening process such
as SP can increase the yield strength of surface region, which
is another kind of strengthening mechanism of SP leading to
better fatigue property (Ref 30). However, recrystallization
behavior in annealing process alters the surface microstructure
and mechanical property of peened materials. From Fig. 8, it
can be concluded that the microstructure enhancement effect
still exists in plastic deformation layer of peened 17-4PH
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when 300 °C annealing temperature lasts for 60 min but
nearly disappears when 600 °C annealing temperature lasts
for 20 min.

4. Conclusions

The recrystallization behavior of surface deformation layer of
17-4PH introduced by shot peening was investigated via x-ray
diffraction analysis in this work. The results reveal that with
increasing time and temperature of isothermal annealing, domain
size increases, but microstrain as well as dislocation density
decrease. Because of the influence of precipitation particles on
the movements of grain and subgrain boundaries, the activation
energy of domain boundary migration (Q,) decreases with
increasing temperature of annealing process. Compared with
growth behavior of domain size, microstrain relaxation behavior
is less sensitive to precipitation particle size. Therefore, the
activation energy of microstrain relaxation (Q,) is nearly the
same in different annealing temperatures but much smaller than
Q.. The maximum difference of Q, between 400 and 500 °C
annealing process shows the maximum growth rate of &-Cu
particles occurring in 400 to 500 °C interval. Additionally,
according to the dislocation curve in different annealing temper-
ature conditions, the effect of annealing temperature on disloca-
tion density is significant in 300 to 500 °C interval, but
insignificant in 500 to 600 °C interval. In terms of microstructure
variation in depth, 300 °C annealing temperature can only
change microstrain but nearly cannot change the domain size in
the whole deformation layer even if prolonging annealing time.
Dislocation density in the whole deformation layer decreases
drastically if prolonging annealing time, no matter in 300 or
600 °C annealing process. Microstructure enhancement effect
still exists in plastic deformation layer when 300 °C annealing
temperature lasts for 60 min but nearly disappears when 600 °C
annealing temperature lasts for 20 min.
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