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ABSTRACT 
 The time dependent failure assessment diagram (TDFAD), an 
extended form of the low temperature FAD used in the R6 
procedure, has been developed to allow creep crack initiation to 
be predicted using a FAD-based approach. The TDFAD has a 
number of advantages compared to other methods for 
predicting creep crack initiation time: detailed calculations of 
crack tip parameters such as C* are not needed; it is not 
necessary to establish the fracture regime in advance and the 
TDFAD can indicate whether initiation occurs under small-
scale or widespread creep conditions. The TDFAD approach 
relies on the availability of appropriate creep toughness, ,K c

mat

values. In this work, creep toughness data have been derived 
from experimental creep crack growth (CCG) tests on compact 
tension fracture mechanics specimens made of Type 316H 
stainless steel in as-received (AR)  material and material that 
has been pre-compressed (PC) up to 8% plastic strain.  The 
influence of material pre-conditioning on creep toughness is 
examined. TDFADs are then constructed for each material 
condition and creep crack initiation (CCI) predictions are 
obtained for the CCG tests performed on the Type 316H steel. 
The influence of material condition on the predicted CCI mode 
is examined and discussed. 

INTRODUCTION 
The failure assessment diagram (FAD) approach has been 

widely used to assess the safety of defects in engineering 
components. The time dependent failure assessment diagram 
(TDFAD) [1], an extended form of the FAD, has been 
developed in order to accommodate the high temperature creep 
regime within an FAD-based approach. The use of a TDFAD 
has many advantages—detailed calculations of crack tip 

parameters such as C* are not needed; it is not necessary to 
establish the fracture regime in advance and the TDFAD can 
indicate whether failure is controlled by crack growth in the 
small-scale or widespread creep regime or if failure is 
controlled by creep rupture.  

The TDFAD procedure is generally used to determine 
whether a specified crack extension will be achieved within the 
assessment time. It may also be used to determine the time 
required for a limited crack extension to occur. Hence 
approximate creep crack initiation (CCI) times can be obtained, 
using an engineering definition of initiation, generally taken to 
be the time for a defined amount of crack extension.  

In previous work [2, 3], the TDFAD approach has been 
applied to predict CCI times in austenitic type 316H stainless 
steel at 550 °C.  Recently creep rupture and crack growth tests 
have been performed on uniformly pre-strained 316H steel to 
4% and 8% plastic strains in compression at room temperature  
[4-6].  

Significantly different tensile and creep properties have 
been observed between the AR and PC material. It has been 
found that pre-compression accelerates the creep deformation 
rate, reduces the creep rupture times and ductility and 
subsequently increases the creep crack growth (CCG) rate 
compared to AR materials  [4-6].  

In this work TDFADs are developed and the dependence of 
the creep toughness, c

matK , on time is determined for PC 316H 

steel at 550 °C. These are compared to that of AR material. CCI 
times are also predicted using the TDFAD approach and the 
region of the failure assessment curve where the CCI prediction 
point falls is examined to indicate any variations in the failure 
mechanisms between the AR and PC material. 
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THE FAILURE ASSESSMENT DIAGRAM (FAD) 
The FAD procedure considers that failure will occur by plastic 
collapse or brittle/ductile fracture.  The proximity to failure by 
fracture and plastic collapse are measured by the parameters Kr  
and Lr , respectively, defined by  
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where KIC and JIC are fracture toughness values (critical values 
of K and J for fracture under Mode I, tensile loading), E′ the 
effective elastic modulus (equal to E for plane stress or 
E/(1 - v2) for plane strain conditions, where v is the Poisson 
ratio). In Eqn (2) σref is the reference stress [7] of a geometry, 
0.2 is the 0.2% proof stress (measure of the materials yield 
stress), P the applied load and PLC the collapse load of the 
cracked geometry [7]. 

The R6 Option 1 curve [8, 9]  is material independent and 
defined by  
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Kr = 0  for Lr > Lr
max (4) 

The cut-off, Lr
max, which indicates failure by plastic collapse is 

defined by the ratio  
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where σflow is the mean of the ultimate tensile stress, UTS, 
obtained from the engineering stress-strain curve and the 0.2% 
proof stress i.e. ( )0.2 2flow UTS  = + .

The R6 Option 2 FAD has a material specific failure 
assessment curve (FAC) which has been derived based on the 
assumption that crack growth occurs when the J-Integral attains 
a critical value.   

TDFAD APPROACH 
The R6 Option 2 FAD has been extended to a time dependent 
failure assessment diagram (TDFAD) which addresses limited 
high temperature crack growth [10]. This is done by replacing 
KIC, in Eqn (1) by a creep toughness corresponding to a given 
crack extension at a given time, denoted ( ),c

matK a t , and σ0.2

in Eqn (2) by the stress at 0.2% inelastic (creep and plastic) 
strain from an isochronous stress-strain curve at a particular 

time and temperature, c
2.0 , also called the 0.2% creep strength. 

The value of c
2.0  will decrease as time increases i.e. creep 

strain accumulates.  In the TDFAD, for the case of a single 
primary load, the parameters Kr and Lr are therefore defined as 
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The cutoff point max
rL   is defined on the TDFAD as 
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where r is the stress to cause creep rupture at the same time as 
c

2.0   is evaluated.  If Lr exceeds max
rL , failure is expected to 

occur by creep rupture rather than by fracture. In order to be 
consistent with the R6 procedure, max

rL in the TDFAD should 
not exceed the value of max

rL  defined in Eqn (5). The time to 
rupture in a uniaxial creep test over a range of stresses can 
often be approximated by the power-law relation, 

rv
r rt B  −= (9) 

where Br and vr are the rupture coefficient and exponent, 
respectively. 

The time dependent failure assessment curve is based on 
the assumption that crack growth occurs when the time 
dependent fracture mechanics parameter, J(t), attains a critical 
value. A failure assessment diagram for a specific time is 
defined by the equations 
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In Eqn (10) ref is the total strain at reference stress at a given 
time, given by the sum of the elastic and plastic strain and the 
total creep strain accumulated in that time i.e.  

( ) ( )e p c
ref ref ref reft t   = + + (12) 

Note that ref is the true strain at true stress ref  (= Lr0.2) (and 
not the engineering strain). Note also that at short times 
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c  , therefore Eqn (10) 
reduces to the R6 Option 2 curve. At long times ( ) c
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and Eqn (10) reduces to 
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Equation (13) can be derived for steady state creep 
conditions, where the creep strain rate is a constant, based on 
the assumption that at long times  J(t) can be approximated by 
the product of C* and time (i.e. J(t) ≈ C*t [11]) and C* is given 
by the reference stress estimate [7]. The TDFAD can therefore 
measure the proximity to failure by fast fracture, creep crack 
growth, plastic collapse and creep rupture. Therefore, in the 
TDFAD approach, a failure mode does not have to be pre-
defined.  

Isochronous Stress-Strain Curves 
Isochronous stress-strain curves for the specified temperature 
are required in order to determine c

2.0 and the overall 
TDFAD. For a particular time, the total strain at any stress level 
is given by the sum of the elastic and plastic strain and the total 
creep strain accumulated in that time, i.e.  

( ) ( ) ( ) ( ), ,total e pl c

t

t t       = + +    (14) 

Under steady state secondary creep strain conditions the 
creep strain rate is given by the power-law relationship 

c nA = (15) 
where A is a material and temperature dependent constant, σ is 
the equivalent stress and n the power-law stress exponent. The 
total creep strain in Equation (14) may consist of both primary 
and secondary creep terms. Details of calculating the total creep 
strain accounting for both primary and secondary creep are 
given in [2, 3]. 

Evaluation of c
matK

The c
matK  parameter is evaluated from the load displacement 

curve generated during a CCG test using the relation [1, 10]. 
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where Up is the area under the load displacement curve 
associated with plasticity, W is the specimen width, Bn is the net 
specimen thickness between any side-grooves, a is the crack 
length and n the secondary creep power-law stress exponent 
and η a geometry function (η = 2.2 for C(T) specimens [12]). It 
is expected that c

matK  follows a power-law  dependency on 
CCI time, ti , given by [13] 

( ),mat j
c iK a t Ht − = (17) 

where H  is the correlating coefficient and, j is the power-law 
exponent. 

TDFAD Application to Predict Creep Crack Initiation  
The TDFAD can be used to predict if a crack will extend a 
distance a in a given time or the time required for a specified 
amount of crack extension. Since CCI can be defined as the 
period of time required for a small increment of crack growth, 

a, the TDFAD may be used to predict CCI times. For some 
materials the curves may not vary greatly with time and curves 
for longer times can be used to provide a conservative TDFAD 
for an assessment at shorter times [1].  

To predict CCI, an initial time estimate is made and the 
values of Lr and Kr, and their associated parameters, are 
determined for the specified initiation distance, a, at that time. 
The point (Lr , Kr) is then plotted on the TDFAD. If the point 
lies within the TDFAD then the crack extension is less than a 
and creep rupture is avoided in the assessment time. To 
determine a CCI time, a time locus of points (Lr , Kr)  is 
constructed at various times. The time for a crack extension a 
is given by the intersection of a point on this locus (for a given 
time) with the failure assessment curve for the corresponding 
time. An iterative process is required to match the times 
associated with the point of intersection of the locus and the 
TDFAD constructed. The procedure is further detailed in [1, 2]. 

PRECOMPRESSED MATERIAL TEST SUMMARY 

Tensile and Uniaxial Creep Test Data 
A comparison of the tensile curves for the 8% PC material 

and AR material at 550 °C is illustrated in Figure 1. The 
material exhibits significant hardening due to the prior plastic 
compressive strain. Subsequently the 0.2% proof stress of the 
PC material is 50% higher than that of the AR material. 

Uniaxial creep tests on the AR and PC materials have 
previously been examined in [4]. The secondary creep strain 
rate data of the 4% PC, 8%PC and AR material obtained is 
compared in FIGURE 2. The secondary creep strain rate data 
from 4% and 8% pre-compressed material have been found to 
fall on the same trend line. The creep strain rates of the PC 
material are accelerated compared to the AR material and for a 
given stress was found to be over 4 times higher.  It was also 
noted in [4] that pre-compression reduced the period of time 
spent in the primary and tertiary creep regimes with some 
uniaxial creep tests spending all their time in the secondary 
creep regime. The secondary creep deformation and creep 
rupture properties for the 8% PC material (see Eqn (15)) are 
given in TABLE 1. 

Creep Crack Growth Data 
Creep crack growth test data are available for pre-

compressed material on three compact tension, C(T), specimens 
subjected to 8% plastic pre-strain, denoted 8PC1,  8PC2 and 
8PC3, and one test, denoted 4PC, which contained 4% plastic 
pre-strain prior to CCG testing.  The specimen geometries and 
test details are specified in  

Table 2 and TABLE 4. Also included in these tables are the 
details of a test, denoted CT1A, on as-received material which 
has previously been reported in e.g. [14, 15]. Specimen CT1A 
has similar dimensions to the pre-compressed material’s 
specimens thus is used here for comparison purposes. 
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TDFAD FORMATION 

Isochronous Stress-Strain Curves 
Isochronous stress-strain data have been generated for the 8% 
PC material, and are compared to that of AR material, as shown 
in Figure 3(a) and (b), respectively. Note that, due to limited 
data availability and the fact relatively little time is spent in the 
primary creep regime for PC materials [4], only secondary 
creep has been considered when generating the isochronous 
stress-strain curves for the PC material.  However, both primary 
and secondary creep laws have been used in generating the AR 
material’s isochronous stress-strain curves [14, 15]. 

At short times, when the plastic component of strain is still 
considerable, there is a significant difference in the shape of the 
isochronous stress-strain curves of the AR and PC material. 
However at long times, where creep strains dominate, the 
isochronous curves of the AR and PC material tend to be more 
similar and are very similar at 100,000 hrs.  

The corresponding stress at 0.2% inelastic (creep and 
plastic) strain, c

2.0 , are illustrated and compared in Figure 4.  
Little change in c

2.0 is observed for the AR material in the first 
1000 hrs whilst a steady reduction with time is seen for the PC 
material. Initially c

2.0 for the PC material is 50% higher than 
that of the AR material. However at 100,000 hrs this difference 
has reduced to 16%.  

TDFAD 
The TDFADs for the PC material at a range of times (t = 0, 1, 
10, 100, 1000, 10000 and 100000 hrs) have been determined 
from Eqns (10), (11),(14) and (15) using the data given in 
TABLE 1, and are shown in Figure 5(a). Also shown in Figure 
5(b) are the TDFAD’s for the AR material, which are taken 
from [3], and in addition the R6 Option 1 curve (see Eqn (3)) 
for comparison purposes.  

As can be seen in Figure 5(b), and previously described in 
[2, 3], the AR material’s TDFAD is relatively insensitive to 
time and deviates little from the R6 Option 1 curve. However, 
for the PC material which has higher secondary creep strain 
rates, a clear distinction can be seen in the curves at each time 
considered. Note that the R6 cut off point, max

rL  (see Eqn (5)) is 
the appropriate value to use for times less than 10,000 hrs for 
the AR material, however for the PC material, the value of 

max
rL  reduces after 100 hrs due to creep effects as shown in 

TABLE 3. 

INFLUENCE OF PRECOMPRESSION ON c
matK

Error! Reference source not found., taken from [6] , i
llustrates that the  load up curve for the 4% PC C(T) specimens 
is effectively linear, whilst significant plasticity is generated in 
the AR specimen, as indicated by the nonlinear behavior of the 
curve for test CT1A.  Therefore in Eqn (16) the time 

independent plastic component has been neglected when 
calculating c

matK . The c
matK data from each test has been 

plotted against time at crack extensions of Δa = 0.2 mm and Δa 
= 0.5 mm, as illustrated in FIGURE 7(a) and (b), respectively. 
Considerably large scatter is observed in the c

matK v.s. time
data. Significantly less scatter is observed in the PC material’s 
data for Δa = 0.5 mm compared to Δa = 0.2 mm, with three 
points lying close to each other in FIGURE 7(b). The data point 
for test 8PC1 however appears to be an outliner and has 
therefore not been used to generate the trend line to the PC 
data. A regression fit was made to the AR material, to determine 
the parameters in Eqn (17), shown in TABLE 5. However this 
was not possible for the PC material due to an insufficient 
number of data points available.  Therefore it has been assumed 
that the trend in the PC material follows the same slope as the 
AR material. For the Δa = 0.5 mm data the AR material’s trend 
line has been offset to provide  a fit to the PC data. The same 
offset has been applied to the data for Δa = 0.2 mm, as shown 
in FIGURE 7(a), where a reasonable fit to the data can be seen. 

The exclusion of data for test 8PC1 in generating the trend 
line may be justified by the fact that this test was interrupted 
and re-started prior to initiation. Therefore this interruption may 
have influenced the CCI time, though the CCG rate data from 
this test specimen are considered to be unaffected.   

CCI TIME PREDICTIONS 
The TDFAD procedure has been applied to predict the CCI 
times of the CCG tests performed on PC materials. These 
results are compared to those previously obtained on AR 
material [3]. Note that in the absence of tensile data for the 4% 
PC material, the TDFAD for 8% PC material has been used to 
predict the CCI time of test 4PC.   

The CCI times of the tests being predicted are the same 
tests from which the mat

cK v.s. time data were obtained.
Therefore reasonable predictions may be expected.  Predictions 
on these C(T) specimens have been based on the plane strain 
reference stress solution.  

The TDFADs CCI time predictions, ti
Predicted, are compared 

to the experimentally determined values, ti
Exp, in Figure 8(a) 

and (b) for Δa = 0.2 mm and Δa = 0.5 mm, respectively. 
Experimentally determined and predicted CCI time values for 
the PC tests are provided in  

TABLE 5: CONSTANTS FOR THE mat
cK v.s. TIME

RELATIONSHIP OF EQN (17) FOR AS-RECEIVED (AR) 
AND PRE-COMPRESSED (PC) MATERIAL. 

316H 316H 
PM PC 

Δa (mm) 0.2 0.5 0.2 0.5 
H Mean 242.4 224.5 75.7 115.8 

TDFAD analysis of creep crack initiation in pre-strained and as-received Type 316H stainless steel 
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j 0.20 0.23 0.20 0.23 

TABLE 6.  Included in these figures are the line for ti
Predicted 

= ti
Exp. Points situated below this line indicate a conservative 

prediction, and vice-versa. Similar trends are observed for the 
two material conditions at both Δa = 0.2 and 0.5 mm, with 
slightly less scatter in the data at Δa = 0.5 mm. Data from the 
PC material falls within the same level of data scatter as the AR 
material and in this case is generally non-conservative. 
Predictions based on mean trend lines to the mat

cK v.s. time
data shown in Figure 4 have been used in these predictions, 
which do not always lead to a conservative prediction. 
However, as shown in [3], the use of a lower bound trend to the 

mat
cK v.s. time data leads to conservative CCI time predictions.

Further tests are required to establish the trends in mat
cK v.s.

time in the PC material more accurately, which will also enable 
lower bound fits to be made to the data enabling conservative 
predictions to be achieved. 

Prediction of the Failure Mode 
As previously mentioned, the TDFAD can indicate whether 

failure is controlled by crack growth in the small-scale or 
widespread creep regime, by creep rupture or by plastic 
collapse, depending on which region of the TDFAD the failure 
point lies. Therefore the values of   (Lr , Kr)  at failure for the 
AR and PC materials are shown in Figure 9, for Δa =  0.2 mm, 
together with the R6 option 1 curve to indicate which region of 
the TDFAD this failure point lies. For the AR data, high loads 
(Lr values) were generally applied and failure is generally 
predicted to occur by widespread creep crack growth. For the 
PC material however the data falls in the top left corner of the 
TDFAD. Note that two of the PC material’s data points are 
coincident and thus only three points are visible. This indicates 
that for PC material crack initiation is more likely to occur in 
the small-scale creep regime than for the AR material. Similar 
trends are observed for Δa = 0.5 mm, and are thus not shown 
here.  

DISCUSSION AND CONCLUSIONS 
The creep toughness parameter, mat

cK , for a crack extension of
0.2 mm and 0.5 mm has been determined from creep crack 
growth tests performed on C(T) specimens manufactured from 
uniformly pre-compressed austenitic type 316H stainless steel. 
The material was pre-compressed to 4% and 8% plastic strain 
at room temperature. The results were compared to available 
data on as-received material. All tests were performed at 550 
°C.  

      Significant scatter has been observed in the mat
cK v.s. time 

data, however the trends in the data could be estimated. For a 
given time, the mean mat

cK values of the PC material are found
to be a factor of around 3 less than that of the AR. Isochronous 
stress-strain curves and time dependent failure assessment 

diagrams (TDFAD) have been generated for a range of times 
for the PC material and compared to that of the AR. Due to the 
relatively low creep strain rates in the AR material at 550 °C, 
these curves are relatively insensitive to time and little change 
is observed in the AR material’s 0.2% creep strength 0.2

c for 
times less than 10,000 hrs. However, for a given stress, the 
creep strain rate of the PC material is over 4 times higher than 
that of the AR material, leading to a clear time dependency. 
Creep crack Initiation (CCI) times have been predicted for the 
CCG tests data available on the PC and AR material using the 
TDFAD approach. Reasonable predictions are generally 
obtained using the mean fitted value of mat

cK , assuming plane 
strain conditions, though not always conservative. Conservative 
predictions are expected if lower bound values of mat

cK  values 
are employed. However there is insufficient data available at 
present to establish the lower bound trend line in the PC 
material data.  The failure mode predicted for each test has been 
examined. Failure is predicted to occur under relatively small-
scale creep conditions for tests on the PC material, whereas 
tests on the AR material are more likely initiate under 
widespread creep crack growth conditions. Further tests are 
required on the PC material to enable reliable trends in mat

cK
data to be achieved. 
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TABLES 
TABLE 1: CREEP DEFORMATION AND RUPTURE DATA FOR 

AS-RECEIVED AND 8% PRE-COMPRESSED TYPE 316H 
STAINLESS STEEL PARENT MATERIAL AT 550°C [4] 

Material Condition 8% PC 
(Based on σnom) 

A 1.76×10-38 
n 13.4 
Br 1.30×1023 
vr 8.1 

Table 2: SPECIMEN GEOMETRIES. 

Specimen 
Name 

Material 
Condition 

Header 
ID 

W 
(mm) 

B 
(mm) 

Bn 
(mm) 

a0/W 
(mm

) 

4PC 4% Pre-
strained 1D2/2 49.8 24.9 19.7 0.50 

8PC1 8% Pre-
strained 1D2/2 50.1 25.0 19.8 0.54 

8PC2 8% Pre-
strained 1D2/2 50.0 25.0 20.0 0.50 

8PC3 8% Pre-
strained 1B1/1 50.0 25.0 17.5 0.50 

CT1A As-
Received 1A2/1 50.0 24.0 20.2 0.53 

TABLE 3: EVOLUTION OF THE CUT-OFF POINT, Lr
max, WITH

TIME FOR PC MATERIAL. 

Time (h) Lr
max PC Lr

max AR 
0 1.58 1.80 

100 1.57 1.80 
1000 1.18 1.80 
10000 0.89 1.77 

100000 0.67 1.63 

TABLE 4: CREEP CRACK GROWTH TEST RESULTS 

Specimen 
Name 

P 
(kN) 

K(a0) 
(MPa√m) 

tf 
(h) 

Δa 
(mm) 

( )%T

f

t
t

( )0.2 %
f

t
t

4PC 13.5 26.7 526 7.2 7.7 20 
8PC1 15.4 34.7 1205 5.0 1.1 37 
8PC2 12.9 25.0 357 11.9 6.0 5.1 
8PC3 12.4 25.0 194 9.4 3.7 4.8 
CT1A 20.0 42.3 1220 1.4 13.7 27.9 
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TABLE 5: CONSTANTS FOR THE mat
cK  v.s. TIME 

RELATIONSHIP OF EQN (17) FOR AS-RECEIVED (AR) AND 
PRE-COMPRESSED (PC) MATERIAL. 

 
 316H 316H 
 PM PC 
Δa (mm) 0.2 0.5 0.2 0.5 
H Mean 242.4 224.5 75.7 115.8 
j 0.20 0.23 0.20 0.23 

 
TABLE 6: COMPARISON OF PREDICTED AND 

EXPERIMENTAL CCI TIMES FOR THE CCG TESTS ON PRE-
COMPRESSED MATERIAL. 

 
Specimen 

ID 
0.2t  (h) 
Exp. 

0.2t  (h) 
Predicted 

0.5t  (h) 
Exp. 

0.5t  (h) 

Predicted 
4PC 105.33 147 202.56 455 

8PC1 449.11 30 552.53 115 
8PC2 48.50 85 137.12 285 
8PC3 9.32 204 105.72 605 

 

FIGURES 

 
FIGURE 1: INFLUENCE OF PRE-COMPRESSION ON THE 
TENSILE RESPONSE. 
 

 
 
FIGURE 2:COMPARISON OF THE SECONDARY CREEP 
BEHAVIOUR OF AR AND PC MATERIAL (TAKEN FROM 
[4]). 
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FIGURE 3: THE ISOCHRONOUS STRESS STRAIN 
CURVES AT A RANGE OF TIMES FOR (a) PRE-
COMPRESSES AND (b) AS-RECEIVED 316H STAINLESS 
STEEL AT 550 °C. 

 
FIGURE 4: EVOLUTION OF 0.2

c ,  WITH TIME OF AS-
RECEIVED AND PRE-COMPRESSED 316H STAINLESS 
STEEL AT 550 °C. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

 
FIGURE 5: COMPARISON OF THE TDFADS AT VARIOUS 
TIMES WITH THE R6 OPTION1 CURVE FOR (a) PRE-
COMPRESSED AND (b) AS-RECEIVED 316H STAINLESS 
STEEL AT 550 °C. 
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FIGURE 6: INFLUENCE OF PRE-COMPRESSION 
SPECIMEN LOAD UP CURVES FOR AS-RECEIVED AND 
PRE-COMPRESSED MATERIAL. 
 

 
FIGURE 7: COMPARISON OF THE mat

cK  VS. TIME DATA 
FOR AR AND PC 316H STAINLESS STEEL AT 550 °C AT 
(A) Δa = 0.2 MM AND  (B) Δa = 0.5 MM.  
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FIGURE 8: COMPARISON OF THE PREDICTED AND 
EXPERIMENTALLY DETERMINED CCI TIMES FROM 
TESTS ON AS-RECEIVED AND PRE-COMPRESSED AT 
550 °C FOR (A) 0.2 MM AND (B) 0.5 MM, USING MEAN 
AND LOWER BOUND mat

cK  VALUES. 
 
 

 
 
FIGURE 9: COMPARISON OF THE PREDICTED FAILURE 
POINT LOCATION FOR Δa = 0.2 MM ON THE FAILURE 
ASSESSMENT CURVE
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