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The high-temperature fatigue crack growth (FCG) behavior at 400 and 500oC was 
investigated for variously heat-treated 17-4 PH stainless steels under different 
load ratios.  Results indicated the FCG rates (FCGRs) at 400oC increased with R-
ratio at the low ΔK regime and merged together at the high ΔK regime for all the 
given heat-treated conditions, except for a peak-aged condition.  At 500oC, the 
FCGRs of the given alloys increased with R-ratio at low R-ratios and became 
comparable at high R-ratios.  The variations of FCGR with R-ratio could be 
described as an intrinsic FCG behavior based on a Unified Approach.  
Accordingly, the predominant FCG mechanism was similar to a general plastic 
blunting process except for the high R-ratio regime of the peak-aged condition 
tested at 400oC. 
 
1. Introduction 
 
As a type of martensitic precipitation-hardening stainless steel, 17-4 PH alloy has 
been used extensively in various applications, such as nuclear, chemical, aircraft, 
and naval industries [1].  A wide range of mechanical properties can be obtained 
for the 17-4 PH stainless steel through suitable heat treatments in the temperature 
range of 482-621oC (900-1150oF) [1-6].  Maximum strength and hardness values 
are generally obtained after aging at 450-510oC, during which coherent copper-
rich precipitate clusters are formed [1-3].  Aging at higher temperatures (above 
540oC) leads to formation of large, incoherent copper-rich precipitates which 
result in a lower strength and hardness and an enhancement of toughness [1-3].  
As many applications of the 17-4 PH stainless steel are involved with high 
temperatures, it is important to characterize the high-temperature fatigue behavior 
of the 17-4 PH alloy to better predict the service life of components made from 
this material.  Although there are some studies [7-11] focused on the high-
temperature fatigue behavior of 17-4 PH stainless steels, there is lack of 
consideration of the effects of load ratio (R-ratio, R = Pmin/Pmax) on the fatigue 
crack growth (FCG) behavior of such steels.  As part of a series of studies on the 
high-temperature fatigue and mechanical properties of 17-4 PH stainless steels [7-
12], the aim of this study is to investigate the influence of R-ratio on the high-
temperature FCG behavior of such alloys at 400 and 500oC. 
 
2. Experimental Procedures 
 
The 17-4 PH stainless steels used in the present work were supplied by the vendor 
in the form of hot-rolled, solution-annealed plates.  The chemical composition of 
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this steel in 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 balance of Fe.  Three different types of heat 
treatments were applied to the specimens, namely as-received “Condition A,” 
peak-aged “Condition H900,” and overaged “Condition H1150.”  For Condition 
A, specimens were heated to 1038oC (1900oF), held for 0.5 h and cooled to room 
temperature in air.  For Conditions H900 and H1150, specimens were first heat 
treated as in Condition A and then aged at 482oC (900oF) for 1 h or 621oC 
(1150oF) for 4 h, respectively, followed by air cooling.  Condition H900 has the 
greatest strength and hardness but also has the least ductility, while Condition 
H1150 shows the least strength but greatest ductility among the given three 
conditions.  Details of the mechanical properties at room and high temperatures 
for these three heat treatments can be found in [7,12]. 
 
FCG tests were carried out on a commercial closed-loop servo-hydraulic test 
machine at temperatures of 400 and 500oC in laboratory air.  A commercial two-
zone, SiC-heated furnace was used to heat the specimens.  FCG tests were 
performed according to ASTM E647 under constant load control with a triangular 
loading waveform at a frequency of 2 Hz and R-ratios ranging from 0.1 to 0.7.  
Pin-loaded single-edge-notched-tension (SENT) specimens with a 25.4-mm width, 
3-mm thickness and 6.35-mm-deep notch were used.  Geometry of the specimen 
and the formula in determination of the stress intensity factor for such a geometry 
was given in [10].  Crack length during each test was measured by a direct-current 
potential drop (DCPD) technique.  Details of the experimental setup, FCG testing 
technique, and determination of fatigue crack growth rate (FCGR) can be found in 
[10].  Scanning electron microscopy (SEM) was used for characterization of the 
fracture surface. 
 
3. Results and Discussion 
 
3.1 Effects of R-ratio on fatigue crack growth rate 
 
Comparisons of FCGR curves under different R-ratios (from 0.1 to 0.7) at 400 
and 500oC are shown in Fig. 1 for variously heat-treated 17-4 PH stainless steels.  
Note that in Fig. 1, ΔK is the applied stress intensity factor range.  Only the FCGR 
curves at selected R-ratios are shown in Fig. 1 for the sake of clarity but still 
represent the general trends.  In addition, since the FCG behavior of Conditions A 
and H900 was similar to that of H1150 at 500oC [10,11], only Condition H1150 
was representatively tested at 500oC.  The comparable FCG behavior at 500oC for 
all the given heat-treated conditions was mainly caused by an in-situ overaging 
and precipitate-coarsening effect during test for Conditions A and H900, 
respectively, as described and confirmed previously [10,11].  In Fig. 1, it can be 
seen that for all the given heat-treated conditions, the FCGRs at 400oC were 
increased with R-ratio at the lower ΔK regime.  This can also be seen as a shift of 
the FCG threshold to the left when the R-ratio was increased.  For Conditions A 
and H1150 at 400oC (Figs. 1(a) and (c)), the differences in FCGR among various 
R-ratios were decreased with increasing ΔK and eventually the curves merged 



 3

together at the higher ΔK regime, especially for those at higher R-ratios ( )3.0≥R .  
A similar trend was observed for FCGRs of Condition H900 at 400oC (Fig. 1(b)) 
under 5.0≤R , but the FCGRs were increased again with R-ratio at higher R-
ratios (R > 0.5) for the entire ΔK regime.  For Condition H1150 at 500oC (Fig. 
1(d)), the FCGRs were increased with R-ratio at lower R-ratios ( )3.0≤R  for the 
entire ΔK regime and became comparable with each other at higher R-ratios 
( )3.0≥R . 
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Fig. 1  Comparisons of FCGR curves under different load ratios at 400 and 500oC. 
 
An approach, called the “Unified Approach,” for considering the effect of R-ratio 
on FCG behavior was applied to describe the FCG behavior observed in the 
current study.  Such an approach has been described in many studies by 
Vasudevan, Sadananda, and co-workers (e.g., [13-19]).  It is assumed that for a 
fatigue crack to advance at a certain crack growth rate, two critical stress intensity 
factor values should be met simultaneously.  These values are a critical stress 
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intensity factor range, ΔK*, and a critical maximum stress intensity factor, K*
max.  

The requirement of ΔK* indicates a need of a cyclic load to induce fatigue damage 
ahead of the crack tip, while the requirement of K*

max allows the maximum load to 
break the crack tip bands in a cyclically damaged region for crack to propagate 
[13].  According to the description, a critical R-ratio, R*, can be defined as follows: 

( )max
*** 1 KKR Δ−=  (1) 

in which both ΔK and the maximum applied stress intensity factor, Kmax, have the 
critical minimum values at this R-ratio.  For R-ratios higher than the critical value 
(R > R*), Kmax must be increased to meet the critical stress intensity factor range, 
ΔK*, and the values of ΔK and Kmax can be described in the following: 

( )RKK
KK

−Δ=

Δ=Δ

1*
max

*

 (2) 

On the other hand, when the R-ratio is below the critical value (R < R*), ΔK must 
be increased to meet the critical maximum stress intensity factor, K*

max, and the 
values of ΔK and Kmax can be described as follows: 

( )
max

*
max

max
* 1

KK
RKK

=

−=Δ
 (3) 

Thus, the variation of ΔK and Kmax with R can be described as an intrinsic 
behavior using ΔK* and K*

max (Eqs. (1)-(3)).  In addition, the relationship between 
ΔK* and K*

max along the variation of crack growth rate reflects the characteristics 
of crack growth mechanism, i.e., changes of the contribution from the cyclic and 
monotonic portions in the crack growth process [15]. 
 
To determine the critical stress intensity factor values for a given testing condition, 
the ΔK and Kmax values corresponding to a certain FCGR at all R-ratios are 
present in terms of ΔK vs. Kmax.  The data points in this type of plot would show 
an L-shape curve and the asymptotic limits of the L-shape curve indicate the 
critical values of ΔK and Kmax, namely ΔK* and K*

max, respectively, corresponding 
to the selected FCGR [13].  By plotting this type of curve at selected FCGRs, the 
corresponding ΔK* and K*

max values and the relationship between these two 
critical stress intensity factors along the variation of crack growth rate could be 
known [15]. 
 
In the current study, the FCGRs in the Paris region (Region II) of each testing 
condition were chosen and the corresponding ΔK and Kmax values at all given R-
ratios were plotted in terms of ΔK vs. Kmax to get the ΔK* and K*

max values.  For 
Conditions A and H1150 at 400oC and Condition H1150 at 500oC, L-shape curves 
in such plots could be clearly defined and the ΔK* and K*

max values were 
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determined without difficulties.  Representative L-shape curves of Condition A at 
400oC are shown as examples in Fig. 2.  Note that each point in the plot as seen in 
Fig. 2 represents a specific FCGR.  However, for Condition H900 at 400oC, 
deviations of data points from the L-shape curves at the higher R-ratio regime (R 
= 0.6 and 0.7) were observed, as shown in Fig. 3.  As specified by the Unified 
Approach, data points deviated from the L-shape curve indicate that a different 
crack growth mechanism might take place at that specific regime [19].  The 
FCGR data for Condition H900 at 400oC can then be divided into two regions, R 
= 0.1-0.5 and R ≥ 0.6, with each region having an individual crack growth 
mechanism with its own ΔK* and K*

max [19].  Therefore, the FCG behavior of 
Condition H900 at 400oC was thought to have two controlling crack growth 
mechanisms, one dominating at the low R-ratio regime and the other dominating 
at the high R-ratio regime.  In this regard, the ΔK* and K*

max values for the low R-
ratio regime of Condition H900 at 400oC were determined by using the 
aforementioned procedures with the data of R = 0.1-0.5.  However, due to the 
limited data points at R = 0.6 and 0.7, the ΔK* and K*

max values for the high R-
ratio regime of Condition H900 at 400oC could not be completely determined. 
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Fig. 2  K vs. Kmax at certain FCGRs for Condition A at 400oC, 2 Hz and all given R-ratios. 
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Fig. 3  ΔK vs. Kmax at certain FCGRs for Condition H900 at 400oC, 2 Hz and all given R-ratios. 
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3.2 Effects of R-ratio on fatigue crack growth mechanism 
 
The ΔK* and K*

max values calculated using the procedures described above for the 
given testing conditions are present as ΔK* vs. K*

max in Fig. 4.  Note that each 
point in Fig. 4 represents a specific FCGR.  This type of figure is called 
“trajectory map” of crack growth, since trajectories of the relationship between 
the two critical driving forces for crack growth, ΔK* and K*

max, are shown and can 
be used as a map to interpret the crack growth mechanisms [15].  In a general 
trajectory map, the path of ΔK* = K*

max (the dash line in Fig. 4) is called the “ideal 
fatigue line” [15] indicating a pure cycle-controlling crack growth mechanism 
such as the plastic blunting mechanism [20] in polycrystalline materials.  
Trajectories deviating from the ideal fatigue line indicate a change of crack 
growth mechanism and most of the deviations occur when a predominant Kmax-
controlling mechanism is involved [15]. 
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Fig. 4  Crack growth trajectory map for all given testing conditions. 

 
As shown in Fig. 4, the crack growth trajectories for Condition H1150 at 400 and 
500oC and for the low R-ratio regime (R = 0.1-0.5) of Condition H900 at 400oC 
were almost the same.  This  implies that the FCG behavior in these conditions 
was controlled by a similar mechanism.  Trajectories for these conditions were 
parallel to the ideal fatigue line and located underneath the ideal fatigue line.  This 
indicates that the contribution of Kmax was slightly greater than that of ΔK to the 
specific crack growth mechanism and the extent of contribution was constant with 
increasing Kmax.  It has been found in a previous study [11] that for all the given 
three heat-treated 17-4 PH alloys tested at 400 and 500oC with R = 0.1 and a 
frequency of 2 Hz, the environment had an insignificant effect on the FCG 
mechanism.  Creep or oxidation mechanism was not found to substantially assist 
the FCG under these conditions and the difference in FCGR among the various 
heat treatments was attributed to a difference in the extent of intensity of planar 
slip at the crack tip [11].  The controlling crack growth mechanisms for these 
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given testing conditions were alike and presumably similar to a general plastic 
blunting process [20].  It is therefore not surprising to see that the trajectories for 
these conditions are merged to a line parallel to the ideal fatigue line.  Note that 
the differences in FCGR could not be shown in the trajectory map; similar 
trajectories only indicate similar crack growth mechanisms but not similar FCGRs.  
Therefore, such converged trajectories for Condition H1150 at 400 and 500oC and 
for the low R-ratio regime of Condition H900 at 400oC presumably represent a 
baseline crack growth mechanism of 17-4 PH alloy at high temperature. 
 
As described above, a different crack growth mechanism might take place at the 
high R-ratio regime (R = 0.6 and 0.7) of Condition H900 at 400oC.  A true 
trajectory for this regime could not be drawn in Fig. 4 due to limited data points.  
However, if the critical load ratio were set equal to 0.7 for the high R-ratio regime 
of Condition H900 at 400oC, the data of R = 0.6 and 0.7 could then be used to find 
a virtual ΔK*-K*

max trajectory.  It would be expected that this virtual trajectory 
would be significantly deviated from the ideal fatigue line and located much 
closer to the K*

max-axis, as compared to those trajectories given in Fig. 4.  The 
expecting trend of this virtual trajectory provides a clue that there might exist a 
superimposed monotonic fracture mode at a higher Kmax [15,18].  The proposed 
monotonic fracture mode for the current case is a crystallographic-faceted mode, 
in which Kmax plays a major role [15].  FCG occurs crystallographically along slip 
planes in the faceted mode, particularly in planar-slip materials [21].  As a peak-
aged condition that contains coherent precipitates in the matrix, Condition H900 
has the highest intensity of planar slip among the three given heat-treated 
conditions tested at 400oC [10,11,22].  Features of the crystallographic-faceted 
fracture mode were indeed observed on the fracture surfaces of high-load-ratio 
specimens of Condition H900 at 400oC, as exemplified in Fig. 5.  Therefore, the 
crystallographic-faceted fracture mode was considered as the primary crack 
growth mechanism for Condition H900 at 400oC under high R-ratios.  Such a 
fracture surface morphology was somewhat different from that of Condition 
H1150 tested at 400 and 500oC, as exemplified in Fig. 6.  Note that the crack 
growth direction in both Figs. 5 and 6 is from left to right. 
 

   
 
Fig. 5  SEM micrograph of the fracture surface  Fig. 6  SEM micrograph of the fracture surface 
for Condition H900 tested at 400oC, 2 Hz, and  for Condition H1150 tested at 400oC, 2 Hz, and 
R = 0.6. R = 0.3. 
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As shown in Fig. 4, the trajectory for Condition A at 400oC was progressively 
deviated from the ideal fatigue line with an increase in K*

max.  Its lower slope 
value suggests an increasing influence of a Kmax-controlling mechanism at high 
Kmax.  In addition, the upper portion of this trajectory is located below those of 
Condition H1150 at 400 and 500oC and the low R-ratio region of Condition H900 
at 400oC, as shown in Fig. 4.  It was found that when tested at 400oC, Condition A 
would undergo an in-situ precipitation-hardening process and the FCG behavior 
would become closer to that of Condition H900 [10,11].  Thus, a similar influence 
of the crystallographic-faceted fracture mode on the FCG behavior of Condition 
H900 at the high R-ratio regime was also expected to occur in Condition A at 
400oC.  The degree of similarity in FCG behavior between Conditions A and 
H900 at 400oC was determined by the testing time of Condition A [11].  Since the 
time needed for Condition A to complete the precipitation-hardening process at 
400oC is longer than the testing time at 2 Hz [11,12], the influence of the 
crystallographic-faceted fracture mode on the FCG behavior of Condition A 
would not be so pronounced as that for Condition H900.  In this regard, a slightly 
deviated trajectory from the baseline (that for Conditions H1150 at 400 and 500oC 
and the low R-ratio region of Condition H900 at 400oC) was observed for 
Condition A tested at 400oC with a loading frequency of 2 Hz. 
 
4. Conclusions 
 
(1) For all the given 17-4 PH stainless steels tested at 400oC, the FCGRs 

increased with R-ratio at lower ΔK values and became comparable at the 
higher ΔK region, except for Condition H900, under which FCGRs increased 
with R-ratio throughout the applied ΔK region.  For all the given testing 
conditions at 500oC, the FCGRs increased with R-ratio at lower R-ratios and 
merged together at higher R-ratios for the entire ΔK regime. 

(2) The variations of FCGR with R-ratio could be described as an intrinsic 
behavior of FCG based on a Unified Approach.  The essential high-
temperature FCG mechanism for all the given 17-4 PH alloys was 
presumably a typical plastic blunting process, except for Condition H900 
tested at 400oC with high R-ratios, in which a crystallographic-faceted 
fracture mode played an important role. 
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