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Influence of high temperature exposure on the

mechanical behavior and microstructure
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The mechanical behavior and microstructural evolution of 17-4 PH stainless steels in three
conditions, i.e. unaged (Condition A), peak-aged (H900) and overaged (H1150), exposed at
temperatures ranging from 200 to 700◦C were investigated. The high-temperature yield
strength of each condition decreased with an increase in temperature from 200 to 400◦C
except for Condition A at 400◦C with a longer hold time where a precipitation-hardening
effect occurred. At temperatures from 500–700◦C, the decrease in after-exposure hardness
of Condition A and H900 at longer exposure times was caused by a coarsening effect of
copper-rich precipitates. A Similar microstructural change was also responsible for the
hardness of H1150 exposed at 700◦C decreasing with increasing exposure time. Scanning
electron microscopy (SEM) observations indicated that the matrix structures of Condition A
and H900, when exposed at 600◦C and above, exhibited lamellar recrystallized α-ferrite in
the tempered martensite and the size and quantity of these lamellar ferrite phases increased
with exposure time. X-ray diffraction (XRD) analyses showed that the reverted austenite
phase in H1150 that formed during the over-aging treatment was stable and hardly affected
by deformation at temperatures of 200–400◦C. C© 2003 Kluwer Academic Publishers

1. Introduction
Precipitation-hardening stainless steels have been
widely used as structural components in various appli-
cations, such as nuclear, chemical, aircraft, and naval
industries due to their excellent mechanical properties,
good fabrication characteristics and excellent corrosion
resistance. Of the former, 17-4 PH stainless steel is
currently one of the most commonly used alloys [1].
Most of the previous investigations of 17-4 PH steels
were focused on the effects of initial aging treatment
on the microstructure and room-temperature mechan-
ical properties [2–7]. Little work has been done on
high-temperature mechanical properties of this alloy in
various heat-treatment conditions. In general, the max-
imum strength and hardness values can be obtained
after initially aging at 450–510◦C, during which the
precipitation of coherent copper-rich clusters occurs
[1, 2]. Aging at a temperature above 540◦C results in
the precipitation of incoherent fcc copper-rich precipi-
tates, lower strength and hardness, and enhanced tough-
ness [1, 2]. At higher aging temperatures, around 580◦C
and above, a lamellar-like matrix structure and forma-
tion of reverted austenite phase are observed [3, 4, 7].
However, the lamellar-like matrix structure and the
stability of reverted austenite under tensile loading at
high temperatures have not been studied in detail. As
some applications of 17-4 PH stainless steels involve
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high-temperature exposure, it is thus important to char-
acterize the high-temperature mechanical behavior and
microstructural evolution of this alloy in various aged
conditions. In particular, the influence of exposure
at temperatures lower and higher than the initial ag-
ing temperature should be fully studied for various
aged conditions so as to understand better the me-
chanical performance of this alloy in high-temperature
environments.

The aim of this study is to characterize the effect of
temperature on the tensile strength, hardness and mi-
crostructure of various heat-treated 17-4 PH stainless
steels by systematic experiments at temperatures be-
tween 200 and 700◦C.

2. Experimental procedures
The commercially available 17-4 PH stainless steel
used in the current study was supplied by the vendor
in the form of hot-rolled, solution-annealed bars. The
chemical composition of this alloy (wt%) is 15.18 Cr,
4.47 Ni, 3.47 Cu, 0.65 Mn, 0.38 Si, 0.2 (Nb+Ti), 0.15
Mo, 0.03 S, 0.02 C, 0.016 P and Fe (balance). Three
heat treatments were applied to the specimens, i.e. as-
received unaged “Condition A,” peak-aged “Condition
H900” and overaged “Condition H1150.” Details of the
heat treatment procedures are given in Table I. The
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T ABL E I Heat treatment conditions of 17-4 PH stainless steels

Condition Treatment

Condition A 1,038◦C (1,900◦F) × 0.5 h → air cool
H900 Condition A → 482◦C (900◦F) × 1 h → air cool
H1150 Condition A → 621◦C (1,150◦F) × 4 h → air cool

mechanical properties at room temperature for each
aged condition are listed in Table II.

Tensile tests were conducted using a commercial
closed-loop servo-hydraulic machine with an extension
rate of 0.5 mm/min at room temperature, 200, 300 and
400◦C in air. The tensile specimens have a cylindri-
cal gage section of 6 mm in diameter and 18 mm in
length. A commercial compact two-zone SiC element
furnace was used to heat the specimens. Tensile strains
were measured over a 12-mm gage length with a com-
mercial direct-contact high-temperature extensometer.
In high-temperature tensile tests, specimens from each
condition were heated to the given temperature and held
at temperature for different periods of time (0.25, 1, 4,
16 and 32 h) prior to testing. Hardness measurements
were taken at room temperature on a Rockwell C scale
tester for each material condition after exposure at 200,
300, 400, 500, 600 and 700◦C for different periods of
time. Hardness samples were circular disks of 12-mm
diameter and 2-mm thickness and ten measurements
were taken on each sample to obtain the average hard-
ness value.

Microstructural analyses of the tensile specimens
and hardness samples were conducted using scanning
electron microscopy (SEM) and scanning transmission
electron microscopy (STEM). Samples for SEM ob-
servation were prepared by etching with Fry’s reagent.
Thin foils for TEM analysis were prepared by grinding
3-mm-diameter circular slices to a thickness of about
50 µm, then finally thinning by twin-jet electropolish-
ing procedures. X-ray diffraction (XRD) was used for
determination of the austenite phase.

3. Results and discussion
3.1. Effect of temperature and hold-time

on tensile strength
Fig. 1 shows plots of high-temperature yield strength as
a function of hold-time at three temperatures (200, 300
and 400◦C) for each material condition. Fig. 1 indicates
that the yield strength of each condition was reduced
with increasing temperature except for Condition A at
400◦C at times >16 for which strengths were greater
than those at lower temperatures. The yield strength of
Condition A tested at 400◦C was increased to about

T ABL E I I Room-temperature mechanical properties of 17-4 PH stainless steels in different aged conditions

Ultimate tensile Yield strength Elastic modulus Elongation Hardness V-notch impact
Condition strength (MPa) (MPa) (GPa) (in 25 mm) (%) (HRc) toughness (J)

Condition A 1,018 992 199 13.4 32.0 67
H900 1,414 1,387 223 12.5 44.5 21
H1150 966 880 196 18.4 31.5 75
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Figure 1 Variation of high-temperature yield strength with hold time
for 17-4 PH in different conditions: (a) Condition A, (b) H900, and
(c) H1150.

1050 MPa, which is equivalent to that of H900 condi-
tion at the same temperature. This resulted from a pro-
nounced precipitation-hardening effect for Condition
A tested at 400◦C for longer hold-times. It can also be

966



seen in Fig. 1 that the rank order of yield strength for
the three conditions at a given temperature is generally:
H900 > Condition A > H1150. Moreover, except for
Condition A tested at 400◦C, the yield strength of each
condition at a given temperature was independent of
the hold-time. This implies a lack of significant change
in microstructure at a given high temperature with a
hold-time ranging from 0.25 to 32 h. Previous investi-
gations [4, 5] indicated that a certain long period of time
was needed to complete the precipitation process for
Condition A when age-treated at a temperature below
400◦C. Therefore, it is suggested that the invariance of
the yield strength with hold-time for Condition A tested
at 200◦C and 300◦C could be attributed to the incom-
pleteness of the precipitation process during the given
hold-times. However, the microstructures of the two
aged conditions, H900 and H1150, were unlikely to
be affected by re-heating to a temperature below the
original aging temperature such that the yield strengths
of the two aged conditions at each given high temper-
ature remained nearly unchanged with the hold-time.
Microstructural analyses of the failed tensile specimens
provided further support for the above arguments.

TEM analyses indicated that at a given high temper-
ature between 200 and 400◦C no visible change was
found in the microstructures of H900 and H1150 con-
ditions as the hold-time was increased from 0.25 to 32 h.
For Condition A tested at 400◦C with a 32 h hold-time,
the microstructure (shown in Fig. 2) exhibited typical
nearly-parallel martensite laths with a high density of
dislocations. However, the fine, coherent copper-rich
precipitates expected at this stage were not detected by
TEM. This is due to the fact that the atomic scattering
amplitude for electrons and atomic size are almost the
same for Fe and Cu. At sinθ/λ = 0, the mean atomic
scattering amplitudes for electrons in Fe and Cu are
6.4 and 6.8 Å, respectively [8], and the atomic radii
of Fe and Cu are 1.24 and 1.28 Å, respectively [9].
Therefore, the bright-field images did not exhibit any
obvious strain contrast around the precipitates and also

Figure 2 TEM micrograph of microstructure in Condition A of 17-4 PH
stainless steel tested at 400◦C with a 32 h hold-time.

no diffuse and distortion effects were observed in the
diffraction patterns for the early stage of precipitation.
Previous studies [3–5] have similarly shown that the
copper-rich phase formed at the initial stage of pre-
cipitation process has a very fine and coherent struc-
ture and did not generate any obvious strain contrast
around it such that it was difficult to detect by TEM.
Nevertheless, it is assumed that the increase in yield
strength for Condition A at 400◦C to a value equiva-
lent to that of the corresponding H900 condition was
caused by the formation of fine, coherent copper-rich
precipitates.

3.2. Effects of exposure temperature and
time on hardness and microstructure

Fig. 3 shows plots of the after-exposure hardness for
each condition with respect to the exposure time at
various temperatures. It can be seen in Fig. 3 that the
variation of the after-exposure hardness with the ex-
posure time at 200 to 400◦C for each condition gen-
erally exhibited a similar trend to that of the high-
temperature yield strength. That is, the hardness was
independent of the exposure time for a given material
condition and exposure temperature, except for Con-
dition A exposed at 400◦C where the after-exposure
hardness increased with exposure time as a result of
a precipitation-hardening effect. Moreover, for a given
material condition, the after-exposure hardness hardly
varied with exposure temperature between 200–400◦C
except for Condition A at 400◦C. TEM analyses in-
dicated that no significant changes in precipitate size
or dislocation density occurred for the three given ma-
terials after exposure at 200–400◦C for 0.25 to 32 h
except for Condition A at 400◦C. Therefore, the reduc-
tion of the high-temperature yield strength with increas-
ing temperature from 200 to 400◦C for each condition
might be attributed, mainly, to a decrease in atomic-
bond strength due to the increasing atomic thermal vi-
bration rather than microstructural change, except for
Condition A at 400◦C. The above results suggest that
the trend of the variation of high-temperature tensile
strength with the hold-time at a given temperature from
200 to 400◦C for a 17-4 PH alloy could be obtained by
simply measuring the after-exposure hardness.

In order to further understand the high-temperature
properties of this alloy, the after-exposure hardness at
higher exposure temperatures (500–700◦C) was also
measured in the present work. Fig. 3a indicates that, in
comparison to the unexposed hardness value, the after-
exposure hardness of Condition A at 500 and 600◦C was
increased at short exposure times and then gradually de-
creased with increasing exposure time, while at 700◦C it
generally decreased with an increase in exposure time.
The increased hardness for Condition A heated at 500
and 600◦C for less than 4 h could be attributed to the
precipitation-hardening effect. The Cu-rich precipitates
would become coarser, reducing the hardness at longer
exposure times. At 700◦C, the precipitates became so
large that even at short exposure times the hardness
value was consistently lower than the unexposed one.
For unaged Condition A, the exposure process is similar
to carrying out the aging treatment. Hence, it can be
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Figure 3 Variation of hardness with exposure temperature and time
for 17-4 PH in different conditions: (a) Condition A, (b) H900, and
(c) H1150.

seen in Fig. 3a that the exposure time required to reach
the maximum hardness decreased with increasing tem-
perature, and in the temperature range of 400◦C–600◦C
the peak value of the hardness also decreased with in-
creasing temperature. These results are consistent with
the typical age-hardening phenomena present in other
alloys [10].

For the H900 condition, the after-exposure hardness
at 500◦C remained unchanged initially and decreased
when the exposure time was longer than 4 h, as shown
in Fig. 3b. The after-exposure hardness of H900 condi-

tion at 600 and 700◦C, generally decreased to a steady
value with increasing exposure time. The original H900
condition was generated by a peak-aging treatment at
482◦C on specimens in Condition A, prior to any test-
ing. Therefore, when exposed to a temperature above
the original aging-treatment temperature, the precipi-
tates in the H900 condition would gradually become
coarser and cause the reduction in hardness at 500–
700◦C. As for Condition H1150, it can be seen in Fig. 3c
that the after-exposure hardness was generally indepen-
dent of the exposure time and stayed at a almost con-
stant value at 500 and 600◦C while at 700◦C the hard-
ness decreased to a steady value with an increase in
exposure time. Apparently, exposure at 500 or 600◦C,
which are lower than the initial aging-treatment tem-
perature, 621◦C, does not cause the microstructure of
H1150 condition to change such that the hardness re-
mained constant regardless of the exposure time. At
700◦C, the initial decrease in hardness was attributed
to a coarsening of the precipitates.

TEM observations indicated that exposure at 500◦C
for 0.25 h does not significantly change the microstruc-
ture of Condition A except that a few precipitates in
the visible size ranges were found at dislocation tan-
gles. However, the major, fine, coherent and uniformly-
distributed precipitates still could not be detected. Even
so, the early increase in the hardness of Condition A
when exposed at 500◦C was believed to be caused
by the formation of fine, coherent Cu-rich precipi-
tates. Figs 4a and b show TEM micrographs of the
microstructure of Condition A exposed at 600◦C for
0.25 h and 32 h, respectively. Lots of homogenous
Cu-rich precipitates can be seen in Fig 4a. These small
precipitates strengthen the matrix to increase the hard-
ness to a value superior to the unexposed (or unaged)
one. With increasing exposure time, coarsening of the
precipitates for Condition A at 500–700◦C was ob-
served and as shown in Fig. 4b, which should be com-
pared with Fig. 4a. In addition, for a given exposure
time, the precipitate size increased with temperature
such that even with a short exposure time of 0.25 h at
700◦C, the precipitates in Condition A had become rod
shaped, like those in Condition A at 600◦C with a 32 h
exposure time (Fig. 4b). A similar variation in Cu-rich
precipitate morphology was seen in H900 condition ex-
posed at 500–700◦C. Therefore, it was considered that
the decrease in after-exposure hardness of H900 condi-
tion at 500–700◦C with increasing exposure time could
be also attribute to the coarsening of precipitates. For
H1150 condition, TEM analyses indicated that the mi-
crostructure was barely changed at 200–600◦C with ex-
posure times ranging from 0.25 to 32 h. This explains
why the after-exposed hardness in H1150 condition at
200–600◦C was almost constant. For Condition H1150
exposed at 700◦C, which is higher than the initial age-
treatment temperature, 621◦C, the precipitates became
slightly larger and less dense leading to the reduction
of hardness with increasing exposure time.

SEM micrographs of the original microstructures in
Condition A and H1150 condition specimens are shown
in Fig. 5. Fig. 5a shows that the matrix of Condition A
consisted of equiaxial martensite laths within the prior
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Figure 4 TEM micrographs of microstructure in Condition A of
17-4 PH stainless steel exposed at 600◦C for (a) 0.25 h and (b) 32 h.

austenite grains and that the grain size was about
20–30 µm. For peak-aged H900 condition, the ma-
trix structure was similar to that of the original Con-
dition A, except that the profile of martensite laths
within the prior austenite grains was clearer than that
in Condition A. This is due to segregation or precipi-
tation of the solute atoms at the lath and grain bound-
aries during the aging treatment such that these regions
were easier to etch. However, the microstructural mor-
phology of H1150 condition was apparently different
from the other two conditions and possessed a lamellar-
like structure (Fig. 5b) similar to the Windmännstätten
structure [1], and unlike the typical tempered marten-
site structure. It can be seen in Fig. 5b that there is a
large amount of a white lamellar phase, at least 40%
in volume fraction, formed at martensite lath and grain
boundaries. An earlier study by Antony [6] indicated
that the microstructures of 17-4 PH, regardless of

Figure 5 SEM micrographs of the original microstructure of 17-4 PH
in (a) Condition A and (b) H1150.

aging conditions, were feathery transformation struc-
tures but not typical martensite or tempered marten-
site structures. Moreover, Xia et al. [7] indicated that
a lamellar structure was present in a microstructure of
17-4 PH alloy aged at temperatures above 570◦C and
might be related to the formation of reverted austenite.
However, in the present work, the amount of austenite
in H1150 condition was about 6–9% by XRD analy-
sis, far less than the 40% observed in Fig. 5b. As no
data are available on the temperature of transformation
of martensite to austenite, As, for 17-4 PH alloy, the
As data in binary Fe-Ni alloys [11] were used as ref-
erences in the current study. The plots of As for Fe-Ni
alloys [11] indicated that the amount of austenite phase
should be far less than that of ferrite phase at 621◦C,
even though the austenite phase may not exist at this
temperature. Furthermore, TEM observations indicated
that numerous ferrite laths in H1150 condition were re-
crystallized and large rod-like precipitates were also ob-
served in these laths, as shown in Fig. 6. Fig. 6b showed
the selected area diffraction (SAD) pattern taken from
Fig. 6a. The pattern indicated that the recrystallized
matrix was bcc α-ferrite and the precipitates were fcc
Cu-rich phases. Consequently, it was considered that
the white lamellar phase in H1150 condition was likely
to be recrystallized α-ferrite phase formed in the tem-
pered martensite during the aging treatment.

For each material condition exposed at 200–
500◦C for 0.25–32 h, no significant change in the
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Figure 6 (a) TEM bright-field image of the recrystallized matrix in the
original H1150 condition; (b) [1̄3̄5]α and [011]Cu SAD pattern taken
from (a); and (c) key to SAD pattern shown in (b).

microstructure was observed by SEM. However, at
600◦C the matrix structures in Condition A and H900
exhibited the white lamellar phase for exposure times
longer than about 2 h and the amount of white lamel-
lar phase gradually increased with exposure time. The
matrix structures in Condition A and H900 exposed at
600◦C for 32 h were very similar to that in the original
H1150 condition (Fig. 5b). The matrix structures of the
three conditions exposed at 700◦C are almost the same
and a representative micrograph is given in Fig. 7. It can
be seen in Fig. 7 that the size and quantity of the white
lamellar phase increased significantly with exposure
time to a plateau level beyond 4 h. Consequently, this

Figure 7 SEM micrograph of microstructure in H1150 condition of
17-4 PH stainless steel exposed at 700◦C for 32 h.

variation of size and amount in lamellar ferrite phase
was considered partially responsible for the decrease in
the after-exposure hardness of Condition A and H900
exposed at 600 and 700◦C as well as of H1150 exposed
at 700◦C.

3.3. Stability of reverted austenite
XRD analyses indicated that no austenite phase was
present in solution-annealed Condition A and peak-
aged H900 condition, but there was about 6–9% vol-
ume fraction of austenite in overaged H1150 condi-
tion. It was considered that this austenite phase was the
reverted austenite formed during the over-aging treat-
ment rather than retained austenite. Previous studies
[3, 4] indicated that aging at a temperature above 600◦C
resulted in the segregation of an austenite stabilizer,
copper, at lath boundaries such that the transformation
temperature As in these regions would be lowered to fa-
cilitate the formation of austenite. This type of austenite
could be retained on subsequent cooling to room tem-
perature as the local Ms was reduced to be lower than
room temperature by the segregation of copper atoms
[3, 4]. After exposure at 200–400◦C for 0.25–32 h, there
was still no austenite phase detected in Condition A
and H900. As for H1150 condition, the variation of
reverted austenite content with exposure time in the
temperature range 200–400◦C is shown in Fig. 8. It
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T ABL E I I I Difference in reverted austenite content of H1150 tensile
specimens under various heating conditions

Volume
fraction
of reverted Volume fraction
austenite of reverted Difference in
in grip austenite in gage reverted austenite
section (%) section (%) content (%)

Condition (a) (b) [=(b − a)/a × 100%]

R.T. 7.53 7.83 3.98
200◦C × 0.25 h 7.82 8.00 2.30
1 h 7.39 7.70 4.19
4 h 7.40 7.24 −2.16

16 h 7.25 7.31 0.83
32 h 7.56 7.35 −2.78

300◦C × 0.25 h 7.66 8.01 4.57
1 h 7.78 7.90 1.54
4 h 7.67 7.29 −4.95

16 h 5.87 6.10 3.92
32 h 6.79 6.49 −4.42

400◦C × 0.25 h 8.57 8.43 −1.63
1 h 8.78 9.10 3.64
4 h 7.67 7.75 1.04

16 h 7.78 7.72 −0.77
32 h 8.49 8.53 0.47

can be seen in Fig. 8 that the percentage change of the
reverted austenite content between the after-exposure
and original states varied in a relatively small range of
−5–5% regardless of exposure temperature and time.
In other words, the reverted austenite in the original
H1150 condition was a stable phase and hardly affected
by reheating at 200–400◦C.

XRD analyses of the grip sections and areas in the
gage sections near the fracture surfaces of the tensile
specimens were also conducted to study the effect of
deformation on variation in the austenite content. XRD
results indicated that there was only small differences
in the reverted austenite content between the grip and
highly stressed gage sections for the H1150 specimens
under various heating conditions, as listed in Table III. It
can then be concluded that the reverted austenite phase
in H1150 condition formed during the over-aging treat-
ment was very stable and not significantly affected by
the applied stresses at temperatures of 200–400◦C.

4. Conclusions
1. For various heat-treated 17-4 PH stainless steels, the
high-temperature yield strength of each condition was
generally decreased with increasing temperature from
room temperature to 400◦C except for Condition A at
400◦C at hold-times >16 h.

2. At a given temperature between 200 and 400◦C,
the high-temperature yield strength of each condition
was independent of the hold-time except for Condi-
tion A for which the yield strength at 400◦C was in-
creased with the hold-time, to a value equivalent to that
of H900, due to a precipitation-hardening effect.

3. The variation of after-exposure hardness reflected
the change of microstructure in various heat-treated
17-4 PH stainless steels after exposure at temperatures
from 200–700◦C for different periods of time.

4. For an aged 17-4 PH alloy, the hardness decreased
with increasing exposure time at a temperature higher
than the original age-treatment temperature due to a
coarsening of Cu-rich precipitates.

5. In a 17-4 PH alloy, which was initially aged or re-
heated at a temperature above 600◦C, the matrix exhib-
ited a lamellar-like structure as a result of the formation
of lamellar-type recrystallized ferrite in the tempered
martensite. The size and amount of these lamellar fer-
rite phases increased with exposure time.

6. The reverted austenite in the original H1150 con-
dition was a stable phase and hardly affected by the
applied stresses at 200–400◦C.
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