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Limitations of this Report 

The scope of this report is limited to the matters expressly covered.  This report is prepared for the sole 
benefit of MMS.  In preparing this report, Mohr Engineering Division of Stress Engineering Services 
(Stress) has relied on information provided by MMS.  Stress has made no independent investigation as to 
the accuracy or completeness of such information and has assumed that such information was accurate 
and complete.  Further, Stress is not able to direct or control the operation or maintenance of the client’s 
equipment or processes. 

All recommendations, findings and conclusions stated in this report are based on facts and circumstances 
as they existed at the time that this report was prepared.  A change in any fact or circumstance on which 
this report is based may adversely affect the recommendations, findings, and conclusions expressed in this 
report. 

NO IMPLIED WARRANTY OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR 
PURPOSE SHALL APPLY. MOHR ENGINEERING DIVISION OF STRESS ENGINEERING 
SERVICES MAKES NO REPRESENTATION OR WARRANTY THAT IMPLEMENTATION OR 
USE OF THE RECOMMENDATIONS, FINDINGS, OR CONCLUSIONS OF THIS REPORT WILL 
RESULT IN COMPLIANCE WITH APPLICABLE LAWS OR PERFECT RESULTS. 
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Executive Summary 

The Minerals Management Service (MMS) contracted Mohr Engineering Division of Stress Engineering 
Services (Stress) to conduct a materials performance characterization test program focused on high-
pressure high-temperature (HPHT) equipment in accordance with American Petroleum Institute (API) 
Recommended Practice 6HP (API RP 6HP).  API is developing this new recommended practice that 
prescribes design and design verification methodology for HPHT equipment.  This API document is 
largely based on the ASME Boiler and Pressure Vessel Code, Section VIII, Division 3 (ASME VIII-3).  
The methodology of ASME Div 3 calls for evaluating pressure integrity of high-pressure equipment and 
evaluating service life of equipment through fatigue and fracture-mechanics analyses. 

The objective of this materials characterization program was to obtain material properties necessary for 
performing design verification analyses of HPHT equipment in accordance with API RP 6HP 
methodology, and specifically focused on 2¼ Cr – 1 Mo quenched and tempered low-alloy steel.  Testing 
was to follow ASTM standards where applicable and to document supplemental procedural information 
as needed. Testing consisted of: 

• Tensile properties as a function of elevated temperature 

• Charpy V-notch toughness properties 

• Fracture toughness properties 

• Fatigue crack growth rate properties 

Three separate heats of forged material were obtained for the test program.  The material was an 85-ksi 
specified minimum yield strength (SMYS) forging of 2¼ Cr – 1 Mo material that is typically used in the 
manufacture of high-pressure drilling equipment.  This material meets the requirements of NACE 
MR0175/ISO 15156. 

The protocol for this test program was to measure tensile properties for the subject steel up to 350°F.  
Therefore, tension testing was conducted in accordance with ASTM E 8 and E 21 at 75°F, 200°F, and 
350°F.  The resulting Weibull B50 values from these tension tests are shown in Table ES-1.  

Table ES-1.  Summary of Weibull Analysis of Tension Data 

Test Temp 
°F 

No. of 
Specimens 

Yield 
Strength  

ksi 

Tensile 
Strength 

ksi 

Elongation 
% 

ROA 
% 

Modulus 
106 psi 

75 6 89.11 106.1 22.3 72.6 30.97 
200 6 84.87 100.4 21.0 71.9 29.80 
350 6 82.25 97.30 19.3 71.6 29.69 
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The Association of Wellhead Equipment Manufacturers (AWHEM) recently completed a similar project 
for API 6A on various low-alloy steels, one of which included a 75-ksi version of the same material under 
study here.  Their project included five heats of 75-ksi material, with specimens sent to three different test 
labs.  Tests were also conducted at 350°F and 450°F.  AWHEM reported a yield strength reduction factor 
at 350°F of 0.91.  In the present study, a strength reduction factor at 350°F of 0.92 was observed for both 
yield strength and tensile strength.  However, based on the larger sample size and broader temperature 
range of the AWHEM data, a strength reduction factor of 0.91 for 350°F is recommended. 

Within the present study, a good correlation of material modulus was observed with data published in 
ASME Section II Part D for 2¼ Cr – 1 Mo material, which provides a smooth curve fit over the 
temperature range of -325°F to 1400°F.  Therefore, it is recommended that the ASME data (Table ES-2) 
be used for modulus. 

Table ES-2.  Modulus of Elasticity vs. Temperature 
Temperature, °F 70 200 300 350 400 450 
Modulus, 106 psi 30.6 29.9 29.4 29.1 28.8 28.55 

 

Charpy V-notch impact testing was conducted in accordance with ASTM E 23 over a temperature range 
of -75°F to +75°F.  Based on test data, the Charpy impact data yielded values at -20°F that are on the 
upper shelf of the temperature transition curve.  Twelve specimens from the three heats of material were 
tested at -20°F (because -20°F is the minimum metal design temperature for most HPHT equipment). 

An equivalent plane strain fracture toughness value, KIC, was calculated for each of these 12 test 
specimens based on Charpy V-notch impact energy test results at -20°F.  The correlation equation used 
for calculating fracture toughness was as specified in API 579 and ASME VIII-3 for upper shelf 
toughness: 
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The Weibull B50 and B1 values from the tests at -20°F are shown in Table ES-3. 

Table ES-3.  Summary of Weibull Analysis of Charpy Data at -20°F 

Weibull  
Charpy Impact 

Energy 
ft-lb 

Percent Shear 
% 

Lateral 
Expansion 

mil 

Equiv Fracture 
Toughness 

ksi·√in. 

B50 116.3 85.7 74.4 222.5 
B1 60.4 55.5 45.2 162.1 
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API 579 states that Charpy impact tests can be used to provide a qualitative indication of a material's 
fracture toughness, but cannot be used directly to provide an indication of toughness for use in a fitness-
for-service assessment. 

Plane strain fracture toughness testing was also conducted in accordance with ASTM E 1820.  All 
specimens were 1-inch thick compact tension specimens from each of the three heats of material.  Two 
specimens from each heat of material were tested in each of three environments, for a total of 18 
specimens.  All testing employed a slow loading rate of 0.008 mm/min.  The three test environments 
were: 

1. Air environment at 75°F 

2. Soaked in simulated seawater at 75°F as defined in ASTM D 1141 with cathodic protection at a 
level of -1100 mV for a minimum of 5 days and immediately tested in air at ambient temperature 

3. Soaked in a mild H2S solution at 75°F for a minimum of 5 days and immediately tested in air at 
ambient temperature 

a. The gas mixture was comprised of 7% H2S and the balance nitrogen. 

b. A buffered solution chemistry of 5.00% by weight sodium chloride and 0.40% by weight 
sodium acetate in deionized water. 

c. pH of the test solution before saturation was adjusted to 4.0 using hydrochloric acid. 

d. Bubble rate of H2S gas through the solution was 10 ml/min. 

Cracked tip opening displacement (CTOD) values and J-integral values obtained from each test were 
converted to an equivalent plane strain fracture toughness, KIC.  The correlation equation to convert J-
integral toughness data to an equivalent KIC is specified in both ASME VIII-3 and API 579: 

2
C

IC 1
JE

K
ν−
⋅

=  

The correlation equation to convert CTOD toughness data to KIC is an approximate plane strain fracture 
toughness and varies depending on which standard is referenced.  The correlation equations specified in 
ASME and API 579, respectively, are:  

CyIC EK δ⋅σ⋅=  
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Cflow

IC 1
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K
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δ⋅σ⋅⋅
=  

Based on strength properties of this material, equivalent fracture toughness using the ASME correlation 
equation for CTOD data is approximately 23% lower than that from the API 579 correlation.  In addition, 



Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016 Page viii  Mohr Engineering Division 
Stress Engineering Services, Inc. 

this API 579 correlation for CTOD data is approximately 10% below the value obtained from the J-
integral correlation. 

BS 7910 states that it is not intended that CTOD toughness data be transformed to an equivalent KIC.  

Table ES-4 lists the Weibull B50 and B1 values for KIC.  

Table ES-4.  Weibull Values for Equivalent Plane Strain Fracture Toughness (KIC) 
CTOD J-Integral 

Test Data Equivalent Fracture 
Toughness, KIC  Test Data Equivalent Fracture 

Toughness, KIC  Environment Weibull 
Analysis 

mm ASME 
ksi·√in 

API 579 
ksi·√in N/mm ASME 

ksi·√in 
API 579 
ksi·√in 

B50 0.229 156 202 263 225 225 Air 
B1 0.201 139 182 215 203 203 
B50 0.179 138 179 209 199 199 Seawater w/ 

CP B1 0.102 103 134 127 156 156 
B50 0.008 31 39 12 48 48 

H2S  
B1 0.001 9 11 3 24 24 

 

The fracture toughness data presented for the material soaked in an H2S environment is presented for 
information only and should not be used for design purposes.  

Fatigue crack growth rate testing was conducted in the spirit of ASTM E 647.  All specimens were 0.25-
inch thick compact tension specimens from the three heats of material.  Testing was done in the same 
three environments specified for the fracture toughness testing. 

The test protocol was designed to grow the crack while maintaining a constant load ratio, R, with an 
increasing ∆K.  Tests in the air environment were run at two different R ratios (R = 0.1 and R = 0.5) at a 
frequency of 20 Hz.  Tests in the seawater environment with cathodic protection were run at R = 0.1 at a 
frequency of 1 Hz.  Tests in the H2S environment were run at R = 0.1 at a frequency of 0.33 Hz.  All tests 
were at lab room temperature. 

Curve fitting of the air environment fatigue crack growth rate, FCGR, results in a slope of the Paris 
equation of 2.989, which is between the 3.26 specified by ASME Div 3 and the 2.88 specified by API 
579.  The position of data is slightly below both the ASME curve and the API 579 curve.  The lower 
section (∆K < 9.07 ksi·√inch) of the API 579 Paris equation appears to be non-conservative.  Therefore, 
the Walker equation recommended for design purposes in air is defined as: 
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The Paris equation defined by BS 7910 appears to be the upper bound for the steel in a marine 
environment with cathodic protection.  However, due to the scatter in the data from this series of tests, 
additional testing may be needed to characterize the material performance for design purposes.  The Paris 
equation in the seawater with cathodic protection is defined as: 

( ) 4.171012.3 inchksiK
cycle
inch

dN
da ⋅⋅∆⋅×=⋅ −  

The fatigue crack growth rate testing in a sour H2S environment resulted in significant scatter of the data 
and is reported for information only.  The data is not to be used for design purposes. 
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1 Introduction 

The Minerals Management Service (MMS) contracted Mohr Engineering Division of Stress Engineering 
Services (SES) to design and perform a test program to measure and characterize materials performance 
for high-pressure high-temperature (HPHT) equipment in accordance with American Petroleum Institute 
Recommended Practice 6HP (API RP 6HP).  The scope of work was to encompass a material testing 
program to enable operators to safely produce oil and gas from HPHT reservoirs.  Completion of the 
program will ultimately support more widespread development of HPHT reserves by providing designers 
with some of the essential material properties needed to perform design verification analyses of HPHT 
equipment in accordance with API RP 6HP. 

2 Background 

The Gulf of Mexico (GoM) is reported to contain substantial undeveloped oil and gas reserves in HPHT 
reservoirs.  The industry believes that these more challenging environments represent the future of 
petroleum production in the GoM and that they will form a significant proportion of future additions to 
USA domestic reserves, if these HPHT fields can be produced safely and economically.  Safe 
development of these reserves requires equipment such as wellheads, trees, and blowout preventers that 
are manufactured and certified for use in HPHT environments.  Much of the required equipment is not 
now commonly available.  Moreover, development of this essential equipment is predicted to require 
several years at the current pace of technological evolution. 

To aid the industry in these developments, API is drafting a new recommended practice, API RP 6HP, 
that addresses design and design-verification methodology for HPHT drilling and completion equipment.  
It is largely based on the ASME Boiler and Pressure Vessel Code, Section VIII, Division 3 (ASME VIII-
3), which was published in 1997 to address the design and verification of pressure vessels rated for high-
pressure service.  ASME VIII-3 methodology accounts for anticipated failure modes of high-pressure 
equipment as well as reduced material properties, which are expected in environments with extreme 
pressures and temperatures.  It evaluates service life of the equipment through fatigue and fracture-
mechanics analyses.  

Design of equipment in accordance with API RP 6HP requires designers to understand materials behavior 
and to utilize material properties measured at HPHT conditions.  Much of the essential data is not 
currently available, even for materials commonly used in the oil patch, such as low-alloy steels and some 
corrosion-resistant alloys (CRAs).  Thus, the materials testing program undertaken here was designed to 
provide engineers and designers with material property data needed to design equipment in accordance 
with API RP 6HP and to expedite development and production of HPHT reserves in the USA. 

The API RP 6HP Steering Committee has charged a Work Group to prepare a materials testing protocol 
to support API RP 6HP design verification methodology.  As such, the Work Group is to define test 
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environments, test methods, and testing standards for qualification of candidate materials for HPHT 
drilling, completion, and production working environments.  Thus, it is expected that the protocol 
developed by this API Work Group will largely establish the rules for future HPHT materials 
qualification.  

The level of technical and financial resources required to carry out the essential materials testing under 
HPHT conditions is immense.  Therefore, it is unlikely that any single organization will invest 
significantly in this process without assurance that other organizations will share the burden.  However, 
individual organizations are more likely to invest once the process gains momentum within the industry.  
Furthermore, manufacturers and testing authorities are likely to invest in expanding their facilities and 
capabilities as the demand for HPHT materials and qualification testing becomes more widespread.  

Based on the strategic need to catalyze this process within the industry, MMS provided limited funding 
for testing the most common materials of construction (2¼ Cr – 1 Mo low-alloy steel).  It is expected that 
this initial program will serve as the foundation for an ongoing joint-industry project that will leverage 
funding from operators, service companies, and manufacturers of HPHT equipment.  This will accelerate 
first oil from domestic HPHT reserves by several years. 

3 Objectives 

Strategic objectives of this project include: 

1. Support technology developed by the API RP 6HP standard by characterizing, through testing, 
material properties necessary to perform design verification analyses of HPHT equipment 

2. Qualify selected low-alloy steels to determine their suitability for use in manufacturing HPHT 
drilling and completion equipment 

3. Document results of the materials characterization 

4. Recommend specific improvements for existing and new technologies that are suitable for testing 
and evaluating materials for HPHT applications 

4 Scope of Work 

The scope of work of this testing program includes: 

1. Procure representative examples of low-alloy steel forgings like those commonly used to 
manufacture wellheads, trees, BOP bodies, etc.  Forgings will be ordered from multiple 
manufacturers or from multiple heats using a common purchase specification.  The primary 
material of interest for this work is 2¼ Cr – 1 Mo quenched and tempered low-alloy steel with 
specified minimum yield strength (SMYS) of 85 ksi and maximum hardness of HRc 22 in 
compliance with NACE MR0175/ISO 15156-2.  
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2. Heat-treat and machine the forgings into coupon blanks suitable for preparation of test specimens.  
Serialize the coupons to maintain traceability back to the original heat of steel. 

3. Contract with one or more commercial machine shops to prepare test specimens from the 
coupons.  Detailed drawings of specimen layout within the coupons will be supplied to each 
machine shop to maintain traceability of each specimen to its original location within the 
serialized coupons. 

4. Contract with one or more recognized testing authorities to conduct the tests specified below 
under item 5.  Laboratories selected for this test work must have extensive experience as well as 
acceptable safety records related to the required tests. 

5. The following ASTM standard tests will be conducted: 

a. Room temperature and elevated temperature (350°F) tension tests in accordance with 
ASTM E 8 and ASTM E 21, respectively. 

b. Fracture toughness tests including:  

i. Charpy V-notch impact toughness in accordance with ASTM E 23.  This test 
verifies that the temperature at which the material starts to become brittle is 
below the equipment minimum design operating temperature. 

ii. Plane strain fracture toughness in accordance with ASTM E 1820.  This test 
evaluates the maximum stress intensity that results in unstable crack propagation 
within the material. 

c. Fatigue crack growth rate (da/dN) tests in accordance with ASTM E 647.  Fatigue testing 
in corrosive environments presents multiple technical challenges, but is necessary to fully 
apply the design-verification methodology of API RP 6HP.  Thus, tests will be conducted 
in air, simulated seawater, and a mild H2S solution to quantify the effects of these 
environments on fatigue crack growth rate. 

6. Analyze test results and assemble the data in a format suitable for design-analysis applications in 
accordance with API RP 6HP. 

5 Results 

5.1 Properties of Forged Materials 

For this material characterization testing program, three forged and heat-treated blocks were obtained 
from Hydril from different heats of material, but all from the same material specification.  They were 
randomly selected from Qualification Test Coupons (QTC) supplied by Ellwood City Forge for blowout 
preventer (BOP) type products.  The blocks measured 8 x 8 x 9 in. (20.3 x 20.3 x 22.9 cm) in accordance 
with the material specification detailed below and in Annex A.1.  The forged blocks as received are 
shown in Figure 1. 
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Figure 1:  Forged Blocks used for Materials Characterization Tests 

Material certificates for each of the blocks are presented in Annex A.2.  The original material test report 
data are listed in Table 1 for the chemical composition, Table 2 for mechanical properties, and Table 3 for 
impact properties.  The Charpy V-Notch testing was done at a lower temperature (-75°F), but the values 
still met the requirements for -20°F. 

Table 1:  Chemical Composition of Blocks by Weight Percent of Material (from Original MTRs) 
Heat C Mn P S Si Ni Cr Mo Al V Cu Ti 

HT1 0.15 0.55 0.010 0.007 0.28 0.14 2.27 1.02 0.035 0.011 0.21 0.0033

HT2 0.14 0.53 0.013 0.008 0.28 0.10 2.26 1.00 0.030 0.008 0.16 0.0026

HT3 0.13 0.56 0.012 0.007 0.26 0.08 2.30 1.00 0.027 0.009 0.14 0.0023
 

Table 2:  Mechanical Properties (from Original MTRs) 

Heat Test Loc 
Yield 

Strength 
psi 

Tensile 
Strength 

Elongation 
% 

RA 
% 

Hardness 
BHN 

HT1 Long 93,155 110,362 25 73 228 

HT2 Long 88,746 105,706 22 71 217 

HT3 Long 85,000 101,610 24 73 217 
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Table 3:  Impact Properties (from Original MTRs) 

Heat Test Loc Test Temp Impact 
ft-lb 

Shear 
% Lateral Expansion 

HT1 Trans -75°F 37   38   25 5   5   5 0.025   0.026  0.017 

HT2 Long -75°F 72   39   26 30   10   10 0.053   0.027   0.020 

HT3 Trans -75°F 79   91   54 40   50   10 0.056   0.061   0.037 
 

The material specification requires the amount of hot work to be sufficient to result in a wrought structure 
throughout the entire cross-section of the forging, and for the minimum forging reduction ratio be 3 to 1 
throughout the block.  The material test reports indicated that the reduction ratio for these three forgings 
was 5.1 to 1. 

The forged and heat-treated blocks were sawed into test blanks for material testing (Figure 2) and detailed 
in accordance with the drawing in Annex B.  The intent was to obtain material specimens within the ¼T 
envelope of the forged blocks.  In addition, the test samples were intended to be transverse-orientation 
specimens (with the 9-inch dimension defined as the longitudinal orientation).  The two mutually 
perpendicular 8-inch dimensions of the test blocks were indistinguishable, so both could be identified as 
T (long transverse axis of the forging). 

 
Figure 2:  Specimen Sectioning from Forged Block 
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5.2 Tension Test Results 

The program’s tension specimens were tested by Westmoreland Mechanical Testing & Research, Inc. in 
Youngstown, Pennsylvania.  The test specimens were transverse specimens and within ¼T of the forged 
blocks.  The specimens were prescribed to be 0.505-inch diameter per ASTM E 8.  Unfortunately, the test 
lab machined some of the blanks too short to fabricate 0.505-inch specimens and have the proper gauge 
length for elevated temperature testing.  Therefore, some specimens were turned down to make standard 
0.357-inch diameter specimens.  Specimen sizes and test results are listed in Table 4.  All tension testing 
was conducted in accordance with ASTM E 8 or E 21, and the test protocol specified in Annex C.1.  
Tensile test certificates are included in Annex D.1. 

Table 4:  Tension Test Results 
Specimen 

ID 
Test 

Temperature 
Specimen 
Diameter 

Yield 
Strength 

Tensile 
Strength Elongation Reduction 

of Area Modulus 

 °F inch ksi ksi % % 106 psi 

1-01-T-1 0.357 89.5 107.4 23 71 29.0 

1-01-T-2 0.505 89.1 106.4 22 71 31.7 

2-01-T-1 0.357 91.7 108.9 22 70 30.7 

2-01-T-2 0.505 91.9 108.5 22 71 32.2 

3-01-T-1 0.357 83.3 100.2 24 76 29.0 

3-01-T-2 

75 

0.505 87.0 103.1 23 74 32.3 

1-02-T-1 0.357 84.9 100.8 20.5 68 28.8 

1-02-T-2 0.357 84.9 101.2 21.5 69 28.9 

2-02-T-1 0.505 87.0 102.3 20.5 71.5 27.3 

2-02-T-2 0.505 88.8 104.2 20 71 31.9 

3-02-T-1 0.357 79.7 94.4 22 75.5 28.1 

3-02-T-2 

200 

0.505 82.5 97.3 21.5 74.5 32.7 

1-03-T-1 0.357 81.5 97.4 20 71 28.9 

1-03-T-2 0.357 81.1 97.3 20 71 27.8 

2-03-T-1 0.357 85.3 100.7 20 73 28.9 

2-03-T-2 0.505 85.1 100.4 19.5 69 31.2 

3-03-T-1 0.357 80.8 93.4 17 73.5 28.3 

3-03-T-2 

350 

0.505 77.9 92.4 19 70.5 32.1 

 

A Weibull analysis was performed to model the distribution of these material property data at each 
temperature.  The Weibull distribution model is applicable to systems or components which fail when the 
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weakest component or link in the system fails.  This makes it popular for analysis of the strength 
distribution of materials.  

Results from the Weibull analysis are summarized in Table 5, which lists η, β, B50 and B2 values for each 
of the material properties.  The η (eta) value represents the characteristic life, i.e., the life at which 63.2% 
of the population will have failed.  β (beta) represents the slope of the Weibull curve.  B50 is the value that 
50% of the specimens should statistically fall below, and B2 is the value that 2% of the specimens should 
fall below.  All tensile data from this relatively small population of samples are greater than this minimum 
B2 value.  Therefore, to obtain higher confidence in the true B2 value, a larger sample size should be used. 

Table 5:  Summary of Weibull Analysis of Tension Data 
Lognormal 
Analysis 

Parameter 

Test 
Temp  

°F 

Sample 
Size 

Yield 
Strength 

ksi 

Tensile 
Strength 

ksi 

Elong  
% 

ROA 
% 

Modulus 
106 psi 

75 6 90.23 107.3 22.76 73.17 31.47 

200 6 85.99 101.7 21.27 72.89 30.49 

η  
(Weibull 

characteristic 
life) 350 6 83.19 98.47 19.63 72.11 30.22 

75 6 29.32 33.19 16.39 39.86 22.73 

200 6 27.80 29.83 30.93 26.70 16.02 
β  

(Weibull 
slope) 

300 6 32.31 30.79 19.14 47.48 20.48 

75 6 89.11 106.1 22.26 72.60 30.97 

200 6 84.87 100.4 21.02 71.89 29.80 B50 

350 6 82.25 97.30 19.26 71.55 29.69 

75 6 78.98 95.41 17.94 66.44 26.51 

200 6 74.73 89.21 18.75 62.98 23.90 B2 

300 6 73.72 86.75 16.01 66.42 24.98 
 

The Weibull distribution analysis of yield strength data showing the cumulative distribution function 
(CDF), i.e., the statistical percent of failure, is shown in Figure 3.  The probability density function 
(PDF), the histogram of the data, is shown in Figure 4.  Each curve represents data for a different 
temperature.  Data from Weibull distribution analysis for each of the material properties at each 
temperature are presented in Annex D.2. 
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Figure 3:  CDF of Yield Strength 

 
Figure 4:  PDF of Yield Strength 
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Figure 5 shows the CDF plot for the tensile strength test data; Figure 6 shows the PDF plot. 

 
Figure 5:  CDF for Tensile Strength 

 
Figure 6:  PDF for Tensile Strength 
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Least-squares linear approximations of the B50 and B2 yield-strength and tensile-strength data were then 
calculated.  Results are listed in Table 6 and shown graphically in Figure 7 along with the raw data.  
Analysis of the data showed that yield and tensile strength of this material at 350°F is about 92% of the 
strength at 75°F. 

Table 6:  Linearization of Weibull Tension Data 
Yield Strength, ksi Tensile Strength, ksi 

Test 
Temperature  

°F B50 B2 

Linearized 
Strength 
Derating 
Factor 

B50 B2 

Linearized 
Strength 
Derating 
Factor 

75 88.70 78.31 1.00 105.48 94.60 1.00 
200 85.62 75.97 0.952 101.53 90.72 0.963 
350 81.91 73.16 0.923 96.79 86.06 0.918 

 

Decreased Strength with Increased Temperature
2-1/4 Cr - 1 Mo Low Alloy Steel, ASTM A182 Grade F22M (UNS K21590)
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Figure 7:  Material Strength with Temperature 

AWHEM recently completed a similar test program for API 6A on materials that included 2¼ Cr – 1 Mo 
and other low-alloy steels.  Their test program consisted of 75-ksi material from a 5-inch equivalent round 
(ER) bar or prolongation.  They used five heats of material and sent samples to three test labs.  This 
provided 15 samples at each of four temperatures—75°F, 300°F, 350°F, and 450°F.  
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The effect of temperature on strength from the SES test program was compared to data from the 
AWHEM materials test project for the 2¼ Cr – 1 Mo material (Figure 8).  AWHEM reported a strength 
reduction for this material to 91% at 350°F and 89% at 450°F.  Comparison of these two data sets showed 
good agreement in the trend of strength reduction with increased temperature.  Since the AWHEM data 
set is larger and over a greater temperature range, a reduction factor to 91% of yield strength at 350°F as 
compared to room temperature is recommended for use in API RP 6HP.  

The forged blocks used for material testing should probably have been post-weld heat treated, PWHT, 
prior to specimen preparation and testing.  This may have resulted in a closer representation of the 
material strength properties for design purposes.  If the equipment receives a PWHT during the 
manufacturing process after welding, the strength properties may be affected.   

Yield Strength Reduction with Increased Temperature
2-1/4 Cr - 1 Mo Low Alloy Steel
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Figure 8:  Yield Strength Reduction (comparing AWHEM and SES/MMS test data) 

In addition to tensile strength, elongation, reduction of area, and modulus data were also recorded.  Figure 
9 shows the decrease in elongation at failure as temperature is increased.  Figure 10 shows the change in 
reduction of area as a function of test temperature. 
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Decreased Elongation with Increased Temperature
2-1/4 Cr - 1 Mo, ASTM A182 Grade F22M (UNS K21590)
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Figure 9:  Change in Elongation with Temperature  

Reduction of Area Change with Temperature
2-1/4 Cr - 1 Mo, ASTM A182 Grade F22M (UNS K21590)
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Figure 10:  Change in Reduction of Area with Temperature  
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Figure 11 summarizes the impact of temperature on modulus of elasticity for 2¼ Cr – 1 Mo material.  The 
solid (blue) line represents data from ASME Section II Part D tables over the temperature range of -325°F 
to 1400°F.  The red triangles represent the B50 values for the three sets of specimens measured during this 
test program.  The measured data are very close to the ASME data.  However, the ASME results are 
derived from a much larger data set and over a larger temperature range.  It is recommended that the 
ASME data for modulus be used in the analysis of this material.  The ASME modulus is 30.6 x 106 psi at 
75°F and 29.1 x 106 psi at 350°F.  ASME modulus data are summarized in Table 7. 

The full report from Westmoreland on the tension testing at temperature is included in Annex D. 

Modulus of Elasticity Change with Temperature
2-1/4 Cr - 1 Mo Low Alloy Steel, ASTM A182 Grade F22M (UNS K21590)
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Figure 11:  Change in Modulus of Elasticity with Temperature  

Table 7:  Modulus of Elasticity vs. Temperature 
Temperature, °F 70 200 300 350 400 450 

ASME 30.6 29.9 29.4 29.1 28.8 28.55 Modulus 
106 psi SES 31.0 29.8  29.7   
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5.3 Charpy V-Notch Toughness Measurements 

Charpy V-notch toughness tests were performed by Bryan Laboratory, Inc. in Houston, Texas.  As 
prescribed in ASTM E 23, the toughness specimens were machined as 10 x 10 mm (0.39 x 0.39 in.) full-
size transverse samples.  Figure 12 shows the orientation of the Charpy V-notch specimen within the 
forged block.  Figure 13, extracted from ASTM E 23, illustrates the configuration of the full size CVN 
impact specimens as tested. 

 
Figure 12:  Charpy V-Notch Specimen Orientation 

 
Figure 13:  Charpy V-notch Specimen Geometry (from ASTM E 23) 

Twelve specimens were initially tested at -20°F.  Additional specimens were tested at various 
temperatures ranging from -75°F to +75°F (Table 8).  The Charpy V-notch test certificates are included in 
Annex E.1. 
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Table 8:  Charpy V-Notch Test Results 
Test 

Temperature 
°F 

Forging Specimen 
Absorbed 

Energy 
ft-lb 

Percent Shear 
% 

Lateral 
Expansion 

mil 

1 10-3 120 100 73 
2 10-4 130 100 75 75° 

3 10-7 130 100 76 
1 10-3 124 100 78 
2 10-3 122 100 79 40° 

3 10-3 140 100 84 
1 10-2 117 75 72 
2 10-2 128 100 82 10° 

3 10-2 148 100 82 
04-1 85 66 58 
04-2 98 80 66 
04-3 100 85 66 

1 

04-4 98 80 62 
04-1 123 100 76 
04-2 121 100 74 
04-3 102 75 66 

2 

04-4 124 100 83 
04-1 145 100 86 
04-2 140 100 84 
04-3 144 100 89 

-20° 

3 

04-4 108 80 71 
1 10-4 27 25 22 
2 10-4 63 30 44 -50° 

3 10-4 90 50 60 
1 10-1 26 20 19 
2 10-1 42 15 29 -75° 

3 10-1 64 20 44 
 

The Charpy V-notch impact energy data were plotted against test temperature (Figure 14).  The plot 
shows that the data for -20°F are on the upper shelf, even though there is increased scatter at -20°F as 
compared to higher temperatures. 
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Charpy V-Notch Impact Toughness
2-1/4 Cr - 1 Mo, ASTM A182 Grade F22M (UNS K21590)
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Figure 14:  Charpy V-Notch Absorbed Energy with Temperature 

Fracture toughness is a measure of a material’s ability to resist crack propagation and fracture.  API 579 
states that Charpy impact tests can be used to provide a qualitative indication of fracture toughness.  
However, results from these tests should not be used directly for material toughness as part of a Fitness-
for-Service assessment. 

The equivalent fracture toughness for this material was calculated based on the Charpy impact data using 
Equation 1.  Since the minimum design metal temperature is -20°F, Charpy V-notch impact energy data 
at -20°F were then paired with 75°F yield-strength data (see Table 4).  Yield-strength data at 75°F were 
used to error on the conservative side of the fracture toughness conversion.  From these data, equivalent 
plane strain fracture toughness, KIC, was calculated (Table 9) per the conversion equation specified in 
ASME Section VIII Division 3 Appendix D Section D-600.  (The same conversion equation is specified 
in API 579 F.4.5.2.) 
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Table 9:  Charpy Impact Results Converted to Fracture Toughness at -20°F 

Charpy Impact 
CVN 

Yield Strength 
SY 

Equivalent Fracture 
Toughness 

KIC  Specimen ID 

ft-lb ksi ksi·√in 

1-1 85 190 

1-2 98 204 

1-3 100 207 

1-4 98 

89.3 

204 

2-1 123 233 

2-2 121 231 

2-3 102 211 

2-4 124 

91.8 

234 

3-1 145 245 

3-2 140 240 

3-3 144 244 

3-4 108 

85.1 

210 
 

A Weibull distribution analysis was performed using the Charpy impact data and equivalent fracture 
toughness data. Figure 15 and Figure 16 show the probability of failure plot and the probability density 
plot for the Charpy impact data.  Figure 17 and Figure 18 show the probability of failure plot and the 
probability density plot for the equivalent plane strain fracture toughness data. 

The Weibull distribution analysis report data for the Charpy V-notch data is presented in Annex E.2. 
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Figure 15:  CDF for Charpy V-Notch Results 

 
Figure 16:  PDF for Charpy V-Notch Results 
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Figure 17:  CDF for Fracture Toughness from Charpy Data 

 
Figure 18:  PDF for Fracture Toughness from Charpy Data 
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Based on the Weibull analysis, the B50 value for Charpy V-notch absorbed energy is 116 ft-lb and the B1 
value is 60 ft-lb at -20°F (Table 10).  This is based on a sample size of 12 specimens from three different 
heats.  Analysis of equivalent plane strain fracture toughness yields a B50 of 223 ksi·√in. and a B1 of 162 
ksi·√in. at -20°F.  Weibull analysis of equivalent plane strain fracture toughness based on CVN data 
results in a coefficient of variation of 8.8%.  This distribution is shown in Figure 18. 

The complete report from Bryan Labs on the Charpy V-notch tests is included in Annex E. 

Table 10:  Summary of Weibull Analysis of Charpy Data at -20°F 

Weibull 
Analysis 

Parameter 
Sample Size 

Absorbed 
Energy  

ft-lb 

Percent Shear 
% 

Lateral 
Expansion  

mil 

Equivalent 
Fracture 

Toughness 
ksi·√in 

η 12 123.1 89.00 77.71 228.7 

β 12 6.467 9.738 8.474 13.36 

B50 12 116.3 85.71 74.42 222.5 

B1 12 60.44 55.49 45.15 162.1 
 

Analysis of this series of ASTM Charpy V-notch impact tests led to the following observations for this 
material: 

• Based on the Charpy impact toughness versus temperature plot over temperatures of -75°F to 
+75°F, the material toughness at -20°F is on the upper shelf. 

• The Weibull B50 Charpy impact toughness of this material at -20°F is 116 ft-lb.  This results in a 
calculated equivalent plane strain fracture toughness, KIC, value of 223 ksi·√in.  A temperature of 
-20°F was chosen because it is the default minimum design metal temperature specified by most 
API equipment specifications, such as API Specification 6A. 

• The Weibull B1 Charpy impact toughness at -20°F drops to 60.4 ft-lb due to variation in the 
measurements at -20°F (COV = 18%).  

• The B1 values for impact toughness and lateral expansion from this series of tests are 
approximately three times the minimum values required as specified in API Specification 6A. 

• API 579 states that Charpy impact tests can be used to provide a qualitative indication of a 
material’s fracture toughness.  However, results from these tests cannot be used directly to 
provide an indication of toughness for use in a fitness-for-service assessment.  
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5.4 Fracture Toughness 

Material specimens for measuring plane strain fracture toughness were tested by Bodycote Testing Group 
in Houston, Texas.  Test specimens consisted of 1-inch thick compact tension [C(T)] specimens per 
ASTM E 1820 (Figure 19). 

The full report from Bodycote Testing Group is included in Annex F. 

 

 
Figure 19:  Schematic of Compact Tension Specimen (from ASTM E 1820) 

ASTM E 1820 provides requirements and recommendations for three types of specimens for fracture 
toughness testing: single-edge bend [SE(B)], compact tension [C(T)], and disk-shaped compact [DC(T)].  
Specimen dimensional requirements vary according to the fracture toughness analysis applied.  The 
guidelines are established through consideration of material toughness, material flow strength, and the 
individual qualification requirements of the toughness value with respect to the specific values sought.  
For the present case, the value sought was plane strain fracture toughness applicable to thick-walled 
pressure vessels.  Correspondingly, a 1-inch thick specimen design was selected.  The specimens also 
included side grooves as defined in Section 7.5 of ASTM E 1820. 
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The objective of fracture toughness testing of C(T) specimens was to load a fatigue-precracked specimen 
to induce either (or both): 

• Unstable crack extension, including significant “pop-in” (referred to as “fracture instability” in 
ASTM E 1820) 

• Stable crack extension, referred to as “stable tearing” in ASTM E 1820 

Fracture instability results in a single value of fracture toughness determined at the point of instability.  
Stable tearing results in a continuous relationship between fracture toughness and crack extension (an R-
curve) from which significant point values may be determined (Figure 20). 

 
Figure 20:  Example R-Curve 

ASTM E 1820 describes two alternative procedures for measuring crack extension.  This test program 
utilized the resistance-curve procedure, which uses an elastic unloading procedure to obtain a J- or 
CTOD-based resistance curve from a single specimen.  Crack size is measured from compliance and 
verified by post-test optical measurements. 

Specimens were extracted from three different forged blocks with a transverse (T-T) orientation (Figure 
21).  There were 19 total specimens, six from each forging plus one extra from forging no. 2.  These 
specimens were then divided into three groups of six specimens each (two specimens from each forging).  
The extra specimen from forging 2 was used as an initial control and was tested in air at standard loading 
rates.  The remaining 18 specimens were tested at slow loading rates.  The slowest rate permissible by 
ASTM E 1820 is to reach maximum load within three minutes.  The initial control sample was loaded at a 
rate of 0.66 mm/min, which resulted in a load time of just less than three minutes.  The objective of this 
test program was to obtain the minimum level of material response and determine the lowest level of 
toughness value without any amplification from dynamics.  Therefore, the other 18 test specimens were 
tested at a load rate more than 50 times slower. 
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Figure 21:  Compact Tension Specimen Orientation 

Each group of six specimens was exposed to a different environment prior to testing: 

1. Lab air at 75°F 

2. Simulated seawater at 75°F as defined in ASTM D 1141 with cathodic protection at a level of -
1100 mV 

3. Mild H2S solution at 75°F.  The solution is defined as a gas mixture of 7% H2S and the balance 
nitrogen.  A buffered solution chemistry of 5.00% by weight sodium chloride and 0.40% by 
weight sodium acetate in deionized water.  pH of the test solution before saturation was adjusted 
to 4.0 using hydrochloric acid.  Bubble rate of the H2S gas through the solution was 10 ml/min. 

The mild H2S solution was as defined by the API Sour Resource Group for C-110 casing testing.  The 
mild H2S data are provided for information only and are not intended for design analysis. 

After precracking per the ASTM standard, the specimens were charged in the environment for a minimum 
of five days.  Each specimen was then removed from the environment and immediately tested in lab air.  
The specimens were tested in air due to equipment limitations—it was not possible to expose the test 
equipment clip gages to the special environments. 

The initial control specimen was tested in air at a load rate of 0.66 mm/min (0.026 in/min) with a partial 
unloading/reloading rate of 300 N/sec (67 lb/sec).  The other 18 specimens were loaded at a slow load 
rate of 0.008 mm/min (3.1 x 10-4 in/min) with a partial unloading/reloading rate of 150 N/sec (34 lb/sec).  
Results from the fracture toughness testing are summarized in Table 11, which lists toughness value at the 
0.2-mm offset in accordance with ASTM E 1820 along with toughness at the maximum load. 
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Table 11:  Fracture Toughness Test Results 
CTOD  J-Integral  

Loading Rate 0.2-mm 
offset max load 0.2-mm 

offset load max load Sample No. Environment 

mm/min mm mm N/mm N/mm 

2-07-T-1 Air 0.66 0.430 0.430 506 506 

1-05-T-1 0.218 0.218 245 245 

1-05-T-2 0.227 0.244 271 272 

2-05-T-1 0.223 0.271 260 295 

2-05-T-2 0.238 0.261 256 285 

3-05-T-1 0.228 0.298 253 323 

3-05-T-2 

Air 0.008 

0.237 0.310 285 344 

1-05-T-1 0.187 0.231 220 252 

1-05-T-2 0.193 0.287 230 313 

2-05-T-1 0.133 0.244 166 262 

2-05-T-2 0.199 0.250 230 270 

3-05-T-1 0.168 0.352 184 346 

3-05-T-2 

Seawater 
with cathodic 

protection 
0.008 

0.181 0.304 219 330 

1-06-T-1 0.013 0.066 16.9 74 

1-06-T-2 0.017 0.066 9.6 72 

2-06-T-1 0.013 0.063 17.1 72 

2-06-T-2 0.005 0.066 6.4 74 

3-06-T-1 0.016 0.081 13.6 88 

3-06-T-2 

H2S solution 0.008 

0.003 0.086 11.5 100 

 

The correlation between the J-integral value and equivalent plane strain fracture toughness, KIC, is defined 
in ASTM E 1820.  The same correlation equation is referenced in API 579, BS 7910 and ASME Section 
VIII, Division 3, Appendix D and defined as follows: 

 2
C

IC 1
JE

K
ν−
⋅

=  (Eq 2) 

where: 

KIC  =  Equivalent plane strain fracture toughness  

E  =  Young’s modulus 
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JC  =  Critical J-Integral value  

ν  =  Poisson’s ratio 

The correlation between cracked tip opening displacement (CTOD), δC, to an approximate plane strain 
fracture toughness varies depending on the reference used.  API 579, ASME Section VIII Division 3, and 
Barsom Rolfe all have similar (but different) correlation equations.  BS 7910 states that it is not intended 
that CTOD toughness data be transformed to an equivalent KIC. 

API 579 defines the correlation from CTOD to an approximate plane strain fracture toughness as follows: 

 2
Cflow

IC 1
E4.1

K
ν−

δ⋅σ⋅⋅
=  (Eq 3) 

where:  

σflow  =  Flow stress  

δC  =  Critical CTOD value  

ASME Section VIII, Division 3, Appendix D defines the correlation from CTOD, δC, to an equivalent 
plane strain fracture toughness, KIC, as follows. 

 CyIC EK δ⋅σ⋅=  (Eq 4) 

where:  

σy  =  Yield strength  

Barsom Rolfe defines the correlation from CTOD to an equivalent plane strain fracture toughness as 
follows: 

 CflowIC E7.1K δ⋅σ⋅⋅=  (Eq 5) 

Results from these equivalent fracture toughness calculations are listed in Table 12.  Based on these 
values for KIC, a Weibull analysis indicated that the coefficient of variation (COV) of the six specimens in 
air is only 3.0%.  The COV for the six specimens soaked in the seawater environment is 7.1%, and the 
COV for the six specimens soaked in H2S solution is 19.3%.  The Weibull cumulative distribution 
function (CDF) and probability density function (PDF) histograms from these three data sets are shown in 
Figure 22 and Figure 23. 
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Table 12:  Equivalent Plane Strain Fracture Toughness 
Equivalent Plane Strain Fracture Toughness (KIC) 

ksi·√in. 
Sample No Environment Loading Rate

From CTOD From  
J-integral 

  mm/min ASME 
(Eq. 4) 

API 579 
(Eq. 3) 

Barson Rolfe 
(Eq. 5) 

API 579 
(Eq. 2) 

2-07-T-1 Air 0.66 218 283 297 312 

1-05-T-1 153 199 209 217 

1-05-T-2 156 203 214 228 

2-05-T-1 157 204 214 223 

2-05-T-2 162 210 221 222 

3-05-T-1 153 199 209 220 

3-05-T-2 

Air 0.008 

156 203 213 234 

1-05-T-1 142 184 194 205 

1-05-T-2 144 187 197 210 

2-05-T-1 121 157 165 179 

2-05-T-2 148 192 202 210 

3-05-T-1 131 171 179 188 

3-05-T-2 

Seawater 
with cathodic 

protection 
0.008 

136 177 186 205 

1-06-T-1 37 49 51 57 

1-06-T-2 27 36 38 43 

2-06-T-1 38 49 52 57 

2-06-T-2 24 30 32 35 

3-06-T-1 41 53 55 51 

3-06-T-2 

H2S solution 0.008 

18 23 24 47 
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Figure 22:  CDF for Fracture Toughness Results 

 
Figure 23:  PDF for Fracture Toughness Results 
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Table 12 compares equivalent plane strain fracture toughness using the four defined conversion equations 
and the toughness values at the 0.2 mm offset load listed in Table 11.  Table 13 presents an overall 
summary of the Weibull analysis for the equivalent fracture toughness correlations for the three data sets 
(air, seawater, and H2S). 

Table 13:  Weibull Summary – Fracture Toughness 
Equivalent Plane Strain Fracture Toughness 

ksi·√in. 

From  
CVN 

From  
CTOD 

From  
J-Integral 

Weibull 
Distribution 

Value 
Environment 

API 579 ASME API 579 Barson Rolfe API 579 

Air, -20°F 228.7     

Air, 75°F  157.2 204.3 215.1 226.6 

Seawater, 75°F  141.5 183.8 193.4 202.8 

η 
(characteristic 

life) 

H2S, 75°F  34.35 43.15 46.86 51.28 

Air, -20°F 13.36     

Air, 75°F  37.39 39.69 41.00 41.79 

Seawater, 75°F  14.47 14.64 14.37 17.41 

β 
(Weibull 

slope) 

H2S, 75°F  3.36 3.39 3.30 6.03 

Air, -20°F 223     

Air, 75°F  156 202 213 225 

Seawater, 75°F  138 179 189 199 
B50 

H2S, 75°F  31 39 42 48 

Air, -20°F 162     

Air, 75°F  139 182 192 203 

Seawater, 75°F  103 134 140 156 
B1 

H2S, 75°F  9 11 12 24 

 

The full report by Bodycote on the fracture toughness testing is included in Annex F.1.  The Weibull 
analysis reports for fracture toughness data are included in Annex F.2. 

Based on this series of ASTM fracture toughness tests, the following observations were noted for this 
material: 

• The Charpy V-notch impact toughness and the equivalent plane strain fracture toughness, KIC, has 
considerable more scatter in the data as compared to CTOD and J-integral data. 
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• The ASME fracture-toughness correlation for CTOD data is the most conservative of the 
correlations—it results in the lowest fracture toughness value. 

• The correlation for estimating fracture toughness from CTOD data varies depending on the 
reference used. 

• BS 7910 states that it is not intended that CTOD toughness data be transformed to an equivalent 
KIC. 

• The correlations for fracture toughness from J-integral data are the same from each of the 
referenced standards. 

• Equivalent fracture toughness from CTOD data is slightly more conservative than that calculated 
from J-integral data. 

• Equivalent fracture toughness for the specimens soaked in seawater showed a mean reduction in 
fracture toughness of approximately 12% as compared to the air environment. 

• Fracture toughness for the specimens soaked in H2S solution was very low.  In addition, the 
measurements had significantly more variation than those from the other environments.  Based on 
low values and variability of the data, performance data from the H2S environmental fracture 
toughness testing should not be used for design purposes.  

5.5 Fatigue Crack Growth Rate 

A series of tests for measuring fatigue crack growth rate was performed by Southwest Research Institute 
in San Antonio, Texas.  Test specimens were 0.25-inch thick compact tension specimens [C(T)] per 
ASTM E 647 (Figure 24).  Specimens were tested in air, seawater with cathodic protection, and in H2S.   
The full report from Southwest Research Institute is included in Annex G.1. 

The objective of these tests was to determine the fatigue crack growth rate, da/dN, expressed as a function 
of crack-tip stress-intensity factor range, ∆K, which characterizes a material’s resistance to stable crack 
extension under cyclic loading.   

The primary application for the material being investigated was large valve-body forgings, such as choke 
and kill valves and BOP bodies.  The primary load mechanism for this type of equipment is pressure 
cycling usually at or near the same high pressure for each cycle.  After each pressure cycle, the pressure is 
normally reduced to zero or to the hydrostatic (internal or external) pressure difference for subsea 
applications.  Consequently, these tests were designed to grow the crack while maintaining a constant 
load ratio, R.  Tests in an air environment were run at two different load ratios (R = 0.1 and R = 0.5).  The 
test protocol used an increasing ∆K at a frequency of 20 Hz.  All testing was conducted at ambient 
temperature. 
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Figure 24:  Fatigue Crack Growth Rate Specimen (from ASTM E 647) 

The lab air specimens were well behaved through a ∆K range from approximately 3 ksi·√inch to 
approximately 60 ksi·√inch.  The crack growth rate data was very linear and exhibited a variance less than 
expected for low alloy steels.  Figure 25 is a plot of the crack growth rate data in air for both low and 
medium load ratio tests.  

Preparation of the test specimens included fatigue compression precracking, which is a deviation from the 
procedure in the current version of ASTM E 647, but being considered for future revisions.  This method 
appears to provide the advantage of obtaining the crack growth rate data in the linear region of the da/dN 
versus ∆K curve at lower ∆K values.  The evidence of a threshold ∆K value in Figure 25 is not readily 
apparent.  This raises questions about the significance of the threshold value – does it truly exist as a 
response of the material or is it a function of the load history applied to the material. 

Over the years, a number of relationships have been developed to represent the linear region of the da/dN 
versus ∆K fatigue crack growth rate curve.  The simplest and most common of these equations is the Paris 
equation: 

 ( )nKCdN
da ∆⋅=  (Eq 6) 
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where C and n are empirical parameters determined from a curve fit to the test data.  This model is 
referenced in most standards, such as API 579.  The Paris equation constants from noted references are 
listed in Table 14. 

Fatigue Crack Growth Rate
85K, 2¼ Cr - 1 Mo, Lab Air, R  = 0.1 and 0.5, 20 Hz
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2-08-T01, Air, R = 0.1

3-08-T-1, Air,  R = 0.1

3-09-T2b, Air, R = 0.1

3-09-T-2c, Air, R = 0.1

1-08-T-2, Air, R = 0.5

2-08-T-2, Air, R = 0.5

3-08-T-2, Air, R = 0.5

 

Figure 25:  Plot of FCGR Data in Air 

 

Curve fitting of the air data results in a Paris equation slope of n = 2.958 for the five sets of data at R = 0.1 
and n = 3.019 for the three sets of data at R = 0.5.  Note that the slope of this data is between the slope 
listed from ASME VIII-3 and the slope from API 579 as noted in Table 14. 
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Table 14:  Published Crack Growth Rate Factors – Air  

Reference Material Environment C 
in./cyc / (ksi·√in.)n  n 

ASME Div 3 
Table KD-430 

R = 0 

High strength low alloy 
steels, Sy > 90 ksi Air 1.95 x 10 -10  3.26 

API 579 
Table F.12 

R < 0.5 

Steels, Sy ≤ 101.5 ksi 
(upper stage of curve  
∆K > 9.07 ksi·√in.) 

Air or other non-
aggressive environments 

at temperatures up to 
212°F 

4.29 x 10 -10  2.88 

BS 7910 
Table 4 
R < 0.5 

Steels, Sy ≤ 101.5 ksi 
(upper stage of curve  
∆K > 10 ksi·√in.) 

Air or other non-
aggressive environments 

at temperatures up to 
212°F 

4.29 x 10 -10  
(3.98 x 10 -13 mm/cyc 

/ MPa·√mm) 
2.88 

 

 

The Walker equation is a linear model that incorporates the mean stress effects through the use of the load 
ratio, R, where R = σmin / σmax or Kmin / Kmax. 

 
( )

n

mR
KCdN

da
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−
∆

⋅= −11
 (Eq 7) 

where C, n, and m are again empirical parameters determined from a curve fit to test data.  This curve 
fitting requires test data at multiple load ratios.  We obtained test data at R = 0.1 and at R = 0.5 during this 
series of tests.  Doing a curve fit analysis for this data for the two load ratio groups using the Walker 
equations results in the relationship as shown. 
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Comparing the Equation 8 curve to the ASME VIII-3 and API 579 curves, we find that both curves are 
shifted upwards slightly from the Equation 8 curve.  This results in the ASME VIII-3 and API 579 curves 
resulting in a more conservative design prediction.  Shifting Equation 8 upwards to equate with the 
ASME VIII-3 equation at a ∆K = 10 ksi·√inch would result in Equation 9. 
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A plot of the air data and Equation 9 are shown in Figure 26.  This curve fit takes into account the load 
ratio, R, as required in ASME VIII-3 and is a conservative fit for the crack growth rate of this material.  
Equation 9 is represented in Figure 26 with the two load ratios (R = 0.1 and R = 0.5) as blue lines. 

 

Fatigue Crack Growth Rate
85K, 2¼ Cr - 1 Mo, Lab Air, R  = 0.1 and 0.5, 20 Hz
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ASME Div 3, Mean, Air, R = 0, Sy > 90 ksi 

 

Figure 26:  Plot of FCGR Data – Walker Equation 

 

In addition to the air data, fatigue crack growth rate tests were done on three specimens in a seawater 
environment with cathodic protection and three specimens in an H2S environment.  Results from the H2S 
tests were intended for information only and not to be used for design purposes.  The H2S environment 
was identical to that used in fracture toughness testing and is described in Section 5.4. 

The fatigue crack growth rate test results in seawater are shown in Figure 27.  The specimens were 
compression precracked, as was done for the lab air test specimens.  The crack growth rate testing of the 
seawater specimens were initially started in lab air below a ∆K of 7.5 ksi·√inch and cycled at 20 Hz.  
Beyond this point, the seawater with cathodic protection was added with a soak period of 24 hours prior 
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to continuing the crack growth rate cycling.  The cycling in the seawater environment was done at a rate 
of 1 Hz. 

As shown in the plot of the test data in Figure 27, the testing proved difficult with the crack growth 
arresting in two of the three specimens (specimens 1-09-T-2 and 3-09-T-1).  There was also significantly 
more scatter in this data than was seen in the air data.  However, the test results from this series of tests 
are generally below the seawater design curve listed in BS 7910, illustrated in Figure 27 and listed in 
Table 15. 

 

Fatigue Crack Growth Rate
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Figure 27:  Plot of FCGR in Seawater with Cathodic Protection 
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Table 15:  Published Crack Growth Rate Factors – Seawater  

Reference Material Environment C 
in./cyc / (ksi·√in.)n  n 

Steels, Sy ≤ 87 ksi 
(upper stage of mean 

curve)  

3.12 x 10 -7  

(9.24 x 10 -8 mm/cyc 
/ MPa·√mm) 

1.4 
BS 7910 
Table 5 
R < 0.5 Steels, Sy ≤ 87 ksi 

(upper stage of mean + 
2SD curve) 

Marine environment with 
cathodic protection at  
-1100 mV (Ag/AgCl) 

5.23 x 10 -7  
(1.02 x 10 -7 mm/cyc 

/ MPa·√mm) 
1.4 

 

The fatigue crack growth rate test results for the H2S environment are shown in Figure 28.  As noted on 
the chart, the specimens were initially cycled below ∆K of 7.5 ksi·√inch in lab air at 20 Hz.  Above this 
level the seawater with cathodic protection was introduced and cycled at 1 Hz until reaching 10 ksi·√inch.  
At this level the H2S solution was introduced and cycled at 0.33 Hz.  While the three results are similar 
from 10 to approximately 14 ksi·√inch, above 14 ksi·√inch, there is significant scatter.  These data are 
presented for information only and is not to be used for design purposes.  

Figure 29 shows the combined FCGR results for the tests in air, seawater with cathodic protection, and 
H2S environments.  From this chart we can see that the crack growth rate initially increases faster after 
being introduced into the more aggressive environments.  However, after a point the crack growth rate 
diminishes and eventually approaches the growth rate of the tests in air. 

Based on this series of fatigue crack growth rate tests, the following observations were noted for this 
material: 

• Compression precracking is a viable process for preparing C(T) specimens for fatigue crack 
growth rate testing.  This method permits obtaining crack growth rate data at lower ∆K values. 

• The in-air tests showed relatively small scatter.  This allowed usage of the Paris Law equation to 
be defined including the dependence on the load ratio, R. 

• The slope of the Paris equation curve fit of the air data is between the ASME VIII-3 and the API 
579 curves. 

• The ASME VIII-3 Paris equation curve for steel in air is slightly conservative. 

• The FCGR in air with R = 0.5 is about 1.35 times higher than at R = 0.1. 

• The lower section (∆K < 9.07 ksi·√in) of the Paris curve for steel in air, as defined in API 579, 
appears to be non-conservative. 

• The tests in seawater show a fair amount of scatter and test-to-test variability with a greater 
chance of crack arresting after introduction into the environment.  The reason for this is not fully 
understood, but may be partially attributed to the low R-ratio of the tests.   



Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016 Page 36  Mohr Engineering Division 
Stress Engineering Services, Inc. 

• The test in seawater with cathodic protection showed more scatter, but generally were consistent 
with published crack growth curves from BS 7910. 

• Performance data for fatigue crack growth rate in a seawater environment appears to be attainable 
from testing.  However, more research is needed to better understand the variables which affect 
the crack growth rate performance. 

• The crack growth rate in the more aggressive environment of H2S shows an increased growth rate 
over the seawater environment data, but seamed to plateau at near the same ∆K level. 

• Fatigue crack growth rate data in a H2S environment and the essential variables affecting 
performance are not well understood.  Therefore, the data is presented for information only and 
not to be used for design purposes. 
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Figure 28:  Plot of FCGR in H2S Environment 
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Fatigue Crack Growth Rate
85K, 2¼ Cr - 1 Mo Low Alloy Steel
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Figure 29:  Combined FCGR Curves 

 

 

6 Conclusions 

1. Forged blocks used for material testing should probably be post-weld heat treated, PWHT, prior 
to specimen preparation and testing.  This may result in a closer representation of the material 
strength properties due to PWHT requirements after welding during the manufacturing process. 

2. The AWHEM recommendation for strength reduction factor of 0.91 for 350°F for 2¼ Cr – 1 Mo 
material should be applied. 

3. Values for the modulus of elasticity as a function of temperature as defined in ASME Section II 
Part D should be used for design purposes. 

4. Fracture toughness and fatigue crack growth rate data in an H2S environment are provided for 
information only and should not be used for equipment design. 
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5. The equivalent plane strain fracture toughness tests in air resulted in a mean value, B50, of 225 
ksi·√inch and a lower bound, B1, value of 203 ksi·√inch. 

6. The equivalent plane strain fracture toughness tests in seawater with cathodic protection resulted 
in a mean value, B50, of 199 ksi·√inch and a lower bound, B1, value of 156 ksi·√inch. 
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Annex A. Material Specifications 
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Annex A.1 Test Sample Material Specifications 

 

Material Specification for Forged ASTM  
A 182 Grade F22M (UNS K21590) Material 

 

The forged material for this test program shall be forged and shall meet or exceed all of the requirements 
of ASTM A 182 Grade F22 and API Specification 16A. 

The forged and heat-treated coupons for this test program shall be 8.00 inch x 8.00 inch x 9.00 inch. 

The chemical composition shall be: 

Range C Mn P S Si Cu Ni Cr Mo V Al 

Min 0.10 0.30      2.00 0.87   
Max 0.15 0.60 0.025 0.025 0.50 0.35 0.25 2.50 1.13 0.03 0.04 

 

The amount of hot work shall be sufficient to result in a wrought structure throughout the entire cross-
section of the forged bar with a minimum forging reduction ratio of 3 to 1. 

The forgings shall be normalized, water-quenched, and tempered to result in the following mechanical 
properties.  The test temperature for the Charpy V-Notch may use -75°F, but the minimum values shall 
remain the same. 

Yield 
Strength 

Tensile 
Strength Elongation Reduction 

of Area Hardness Charpy V-Notch Impact Energy 

min, ksi min, ksi min, % min, % HBN ft-lb Lat Exp Temp 

85.0 100.0 18 35 217-237 20/15 20 mils -20°F 
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Annex A.2. Material Certificates  

 









Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016  Mohr Engineering Division 
Stress Engineering Services, Inc. 

Annex B. Reference Drawings 
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Annex C. Test Procedures 
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Annex C.1 Tension Test 

 
1. Tension test specimens are ASTM A 182 Grade F22M material (85 ksi) extracted from an 8 x 8 x 

9-inch forged block. Test blanks are 0.75 x 0.75 x 7.00-inch sawed blanks extracted from the 
forged test blocks per Mohr drawing KY172883-01. All test blanks are within ¼T of the forged 
block and have an orientation in the transverse direction (based on 9.0 inch being the longitudinal 
dimension). 

2. Traceability of the test specimens shall be retained throughout testing and reporting. The 
traceability identification information of the test specimens is per the table below: 

Test Temperature Specimen Identification 

1-01-T-1 
1-01-T-2 
2-01-T-1 
2-01-T-2 
3-01-T-1 

75°F 

3-01-T-2 
1-02-T-1 
1-02-T-2 
2-02-T-1 
2-02-T-2 
3-02-T-1 

200°F 

3-02-T-2 
1-03-T-1 
1-03-T-2 
2-03-T-1 
2-03-T-2 
3-03-T-1 

350°F 

3-03-T-2 
 

3. The test lab shall machine the blanks as standard 0.500-inch round tension specimens per ASTM 
E 8. The gage length shall be 2.00 inch minimum for room temperature samples and 3.00 inch 
minimum for elevated temperature samples. 

4. A Brinell hardness test shall be performed in accordance with ASTM E 10 on each test specimen 
prior to tension testing. 
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5. Tension testing at room temperature shall be in accordance with ASTM E 8. Reporting shall be in 
accordance with ASTM E 8. 

6. Tension testing at elevated temperature shall be in accordance with ASTM E 21. Reporting shall 
be in accordance with ASTM E 21. 

7. Load/deflection data shall be recorded electronically and supplied in a format compatible with 
Microsoft Excel. 

8. All data noted in the reporting section of the ASTM standards shall be reported for each 
specimen. 
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Annex C.2 Charpy V-Notch Tests 

 
1. Charpy test specimens shall be ASTM A 182 Grade F22M material (85 ksi) extracted from an 8 x 

8 x 9-inch forged block. Test blanks are 0.56 x 0.56 x 2.50 inch sawed blanks extracted from the 
forged test blocks per Mohr drawing KY172883-01. All samples are within ¼T of the forged 
block and have a crack plane orientation in the transverse direction (based on the 9.0 inch 
direction being the longitudinal direction) as defined by ASTM E 1823. 

2. Traceability of the test specimens shall be retained throughout testing and reporting.   

3. All Charpy samples shall be notched on the 
“BLUE” side. Specimens should have a 
transverse orientation and notched as shown 
by the “S-T” designation in Figure A2.3 of 
ASTM E 1823. 

4. Impact testing shall be in accordance with 
ASTM E 23 at -75°F, -50°F, -20°F, 10°F, 
40°F, and 75°F test temperature. 
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Annex C.3 Fracture Toughness 

 
1. Fracture toughness test specimens shall be ASTM A 182 Grade F22M material (85 ksi) extracted 

from an 8 x 8 x 9-inch forged block. The test blanks are 2.60 x 2.75 x 1.13-inch sawed blanks 
extracted from the forged test blocks per Mohr drawing KY172883-01. All specimens shall be 
within ¼T of the forged block and have a crack plane orientation in the transverse direction 
(based on the 9.0 inch direction being the longitudinal direction) as defined by ASTM E 1823. 

2. Traceability of the test specimens shall be retained throughout testing and reporting. (See table on 
next page.)  

3. All test blanks shall be machined as standard 
compact tension test specimens with a 1.00-
inch base dimension per ASTM E 1820 and 
notched on the “gold” side (opposite the 
“purple” side) or “yellow side” (opposite the 
“blue” side). Specimens should have a 
transverse orientation and notched as shown 
by the “S-T” designation in Figure A2.3 of 
ASTM E 1823. 

4. Plane strain fracture toughness shall be 
determined by testing in accordance with 
ASTM E 1820 using the resistance curve (R-
curve) procedure and the following parameters: 

a. The objective is to obtain values for KIC, JIC, and CTOD (δIC). 

b. Test temperature for all samples shall be 75°F.  

c. The test environment shall be 

i. Air  

ii. Seawater as defined in ASTM D 1141 with cathodic protection at -1100 mV 

iii. A mild H2S solution, defined as a gas mixture of 7% H2S and the balance 
nitrogen. A buffered solution chemistry of 5.00% by weight sodium chloride and 
0.40% by weight sodium acetate in deionized water. The test solution pH before 
H2S saturation shall be adjusted to 4.0 using hydrochloric acid. 

d. Environmental specimens shall be charged in the environment for one week prior to 
testing. Testing shall occur immediately after the soak period. 

e. Specimens shall be loaded to 90% of the pre-crack load at a rate of 150 N/sec (33.7 
lb/sec). Above this load, a slow strain rate of 0.008 mm/min (3.1 x 10-4 in/min) shall be 
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used. Incremental unloading and reloading to the previous level can be at a higher load 
rate of 150 N/sec. 

5. Reporting shall be in accordance with ASTM E 1820. 

6. All test specimens shall be returned to Mohr. 

 

Serial Number Drawing Blank 
Detail 

Color of 
Notched Side 

Color Opposite 
Notched Side Test Environment 

1-05-T-1 5-B-5 Yellow Blue Air 

1-05-T-2 5-B-5 Yellow Blue Air 

1-05-T-1 6-D-7 Gold Purple Seawater 

1-05-T-2 6-D-7 Gold Purple Seawater 

1-06-T-1 6-D-5 Gold Purple Mild H2S  

1-06-T-2 6-D-5 Gold Purple Mild H2S 

2-05-T-1 5-B-5 Yellow Blue Air 

2-05-T-2 5-B-5 Yellow Blue Air 

2-05-T-1 6-D-7 Gold Purple Seawater 

2-05-T-2 6-D-7 Gold Purple Seawater 

2-06-T-1 6-D-5 Gold Purple Mild H2S 

2-06-T-2 6-D-5 Gold Purple Mild H2S 

3-05-T-1 5-B-5 Yellow Blue Air 

3-05-T-2 5-B-5 Yellow Blue Air 

3-05-T-1 6-D-7 Gold Purple Seawater 

3-05-T-2 6-D-7 Gold Purple Seawater 

3-06-T-1 6-D-5 Gold Purple Mild H2S 

3-06-T-2 6-D-5 Gold Purple Mild H2S 
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Annex C.4 Fatigue Crack Growth Rate 

 
1. Fracture crack growth rate test specimens shall be ASTM A 182 Grade F22M material (85 ksi) 

extracted from an 8 x 8 x 9-inch forged block. The test blanks shall be 2.60 x 2.75 x 1.13-inch 
sawed blanks extracted from the forged test blocks per Mohr drawing KY172883-01. All samples 
shall be within ¼T of the forged block and have a crack plane orientation in the transverse 
direction (based on the 9.0 inch side being the longitudinal direction) as defined by ASTM E 
1823. 

2. Traceability of the test blanks shall be retained throughout testing and reporting.   

3. All test blanks shall be machined as standard 
compact tension test specimens with a 0.25-
inch base dimension per ASTM E 647 and 
notched on the “gold” side (opposite the 
“purple” side). Specimens shall have a 
transverse orientation and notched as shown 
by the “S-T” designation in Figure A2.3 of 
ASTM E 1823. 

4. The test environments for fatigue crack 
growth rate testing shall be:  

a. Lab air 

b. Simulated seawater per ASTM D 1141 with cathodic protection at -1100 mV 

c. A mild H2S solution, defined as a gas mixture of 7% H2S and the balance nitrogen. A 
buffered solution chemistry of 5.00% by weight sodium chloride and 0.40% by weight 
sodium acetate in deionized water. Test solution pH before H2S saturation shall be 
adjusted to 4.0 using hydrochloric acid. 

5. Fatigue crack growth rate, da/dN, shall be determined in accordance with ASTM E 6476 using 
the following parameters: 

a. Test temperature for all specimens shall be 75°F. 

b. Compression precracking shall be used for specimen preparation for the fatigue crack 
growth rate, FCGR, testing. 

c. The K-increasing procedure shall be used for all specimens. 

d. Load ratio, R, shall be held constant during testing of each specimen. The value of R shall 
be as specified in the table below for the specific test project. 

e. Test cycle frequency shall be 20 Hz in air, 1 Hz in seawater, and 1/3 Hz in H2S 
environment. 
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f. All tests shall start with a low initial ∆K.  Cycling shall continue at an increasing ∆K 
while maintaining a constant R ratio until crack growth rate becomes non-linear with 
respect to ∆K, or fracture occurs. 

6. Reporting shall be in accordance with ASTM E 647. 

7. All test specimens shall be returned to Mohr. 

Serial Number Drawing Detail 
(Reference) Test Environment R Ratio 

1-08-T-1 6-C-7 Air 0.1 

1-08-T-2 6-C-7 Air 0.5 

2-08-T-1 6-C-7 Air 0.1 

2-08-T-2 6-C-7 Air 0.5 

3-08-T-1 6-C-7 Air 0.1 

3-08-T-2 6-C-7 Air 0.5 

1-09-T-1 6-C-5 Seawater 0.1 

2-09-T-1 6-C-5 Seawater 0.1 

3-09-T-1 6-C-5 Seawater 0.1 

1-10-T-1 6-C-3 Mild H2S 0.1 

2-10-T-1 6-C-3 Mild H2S 0.1 

3-10-T-1 6-C-3 Mild H2S 0.1 
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Annex D. Results from Tension Tests  

Annex D.1. Lab Tension Test Data 
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Annex D.2. Tension Test Data Analysis  
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                           Weibull Analysis Report 
 
 By ky - Set 1 - 75°F                                   Date: YR2007-M12-D31 
 Yield Strength Reduction with Increased Temperature ASTM A182 Gr F22M Low Alloy 
 Correlation(r)=.98133 r^2=.963 ccc^2=.8203 pve%=81.4 (Okay) 
 Characteristic Value=90.23 Weibull Slope=29.32 Method=rr/insp1 
 Mean=88.55 Std. Deviation=3.781 Cv%=4.27 
 Point Quantity=6 (Susp=0) 
 
   B%        Yield Strength (k 
  1         77.12 
  2         78.98 
  5         81.53 
  10        83.56 
  20        85.73 
  50        89.11 
 
 
                           Weibull Analysis Report 
 
 By ky - Set 2 - 200°F                                  Date: YR2007-M12-D31 
 Yield Strength Reduction with Increased Temperature ASTM A182 Gr F22M Low Alloy 
 Correlation(r)=.99448 r^2=.989 ccc^2=.8076 pve%=96.61 (Okay) 
 Characteristic Value=85.99 Weibull Slope=27.8 Method=rr/insp1 
 Mean=84.31 Std. Deviation=3.792 Cv%=4.498 
 Point Quantity=6 (Susp=0) 
 
   B%        Yield Strength (k 
  1         72.88 
  2         74.73 
  5         77.28 
  10        79.3 
  20        81.47 
  50        84.87 
 
 
                           Weibull Analysis Report 
 
 By ky - Set 3 - 350°F                                  Date: YR2007-M12-D31 
 Yield Strength Reduction with Increased Temperature ASTM A182 Gr F22M Low Alloy 
 Correlation(r)=.95237 r^2=.907 ccc^2=.8203 pve%=39.6 (Okay) 
 Characteristic Value=83.19 Weibull Slope=32.3 Method=rr/insp1 
 Mean=81.78 Std. Deviation=3.176 Cv%=3.883 
 Point Quantity=6 (Susp=0) 
 
   B%        Yield Strength (k 
  1         72.15 
  2         73.72 
  5         75.88 
  10        77.59 
  20        79.41 
  50        82.25 
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                           Weibull Analysis Report 
 
 By ky - Set 1 - 75°F                                   Date: YR2007-M12-D31 
 Tensile Strength Reduction with Increased Temperature ASTM A182 Gr F22M Low All 
 Correlation(r)=.97673 r^2=.954 ccc^2=.8203 pve%=74.15 (Okay) 
 Characteristic Value=107.3 Weibull Slope=33.19 Method=rr/insp1 
 Mean=105.5 Std. Deviation=3.991 Cv%=3.782 
 Point Quantity=6 (Susp=0) 
 
   B%        Tensile Strength 
  1         93.42 
  2         95.41 
  5         98.12 
  10        100.3 
  20        102.6 
  50        106.1 
 
 
                           Weibull Analysis Report 
 
 By ky - Set 2 - 200°F                                  Date: YR2007-M12-D31 
 Tensile Strength Reduction with Increased Temperature ASTM A182 Gr F22M Low All 
 Correlation(r)=.98641 r^2=.973 ccc^2=.8203 pve%=88.7 (Okay) 
 Characteristic Value=101.7 Weibull Slope=29.83 Method=rr/insp1 
 Mean=99.81 Std. Deviation=4.19 Cv%=4.198 
 Point Quantity=6 (Susp=0) 
 
   B%        Tensile Strength 
  1         87.14 
  2         89.21 
  5         92.04 
  10        94.28 
  20        96.69 
  50        100.4 
 
 
                           Weibull Analysis Report 
 
 By ky - Set 3 - 350°F                                  Date: YR2007-M12-D31 
 Tensile Strength Reduction with Increased Temperature ASTM A182 Gr F22M Low All 
 Correlation(r)=.96229 r^2=.926 ccc^2=.8203 pve%=51.12 (Okay) 
 Characteristic Value=98.47 Weibull Slope=30.79 Method=rr/insp1 
 Mean=96.72 Std. Deviation=3.937 Cv%=4.071 
 Point Quantity=6 (Susp=0) 
 
   B%        Tensile Strength 
  1         84.8 
  2         86.75 
  5         89.41 
  10        91.53 
  20        93.79 
  50        97.3 



Fi
gu

re
 5

  1
72

88
3 

Te
st

 R
es

ul
ts

.x
ls

  2
/1

9/
20

08

D
ec

re
as

ed
 S

tr
en

gt
h 

w
ith

 In
cr

ea
se

d 
Te

m
pe

ra
tu

re
2¼

 C
r -

 1
 M

o 
Lo

w
 A

llo
y 

St
ee

l, 
A

ST
M

 A
18

2 
G

ra
de

 F
22

M
 (U

N
S 

K
21

59
0)

70758085909510
0

10
5

11
0

11
5

50
10

0
15

0
20

0
25

0
30

0
35

0
Te

st
 T

em
pe

ra
tu

re
, °

F

Strength, ksi

Te
ns

ile
 S

tre
ng

th
Te

ns
ile

 B
50

Te
ns

ile
 B

2
Y

ie
ld

 S
tre

ng
th

Y
ie

ld
 B

50
Y

ie
ld

 B
2



 

0.
1

.
2

.
3

.
4

.
5

.
6 1
2

1
4

1
6

1
8

2
0

2
2

2
4

2
6

2
8

E
l
o
n
g
a
t
i
o
n
 
v
s
 
T
e
m
p
e
r
a
t
u
r
e

A
S
T
M
 
A
1
8
2
 
G
r
 
F
2
2
M
 
L
o
w
 
A
l
l
o
y
 
S
t
e
e
l
 
(
8
5
K
)

W e i b u l l  r r  P D F

E
l
o
n
g
a
t
i
o
n
 
(
%
)

Y
R
2
0
0
7

M
1
2
D
3
1

k
y

7
5
°
F

2
0
0
°
F

3
5
0
°
F

E
t
a
2
2
.
7
6
5
:
B
e
t
a
1
6
.
3
9

E
t
a
2
1
.
2
7
2
:
B
e
t
a
3
0
.
9
3

E
t
a
1
9
.
6
2
8
:
B
e
t
a
1
9
.
1
4



 

3
0

5
0

7
0

9
0 1
0

5
0

3
0

2
0

E
l
o
n
g
a
t
i
o
n
 
v
s
 
T
e
m
p
e
r
a
t
u
r
e

A
S
T
M
 
A
1
8
2
 
G
r
 
F
2
2
M
 
L
o
w
 
A
l
l
o
y
 
S
t
e
e
l
 
(
8
5
K
)

O c c u r r e n c e  C D F  %

E
l
o
n
g
a
t
i
o
n
 
(
%
)

Y
R
2
0
0
7

M
1
2
D
3
1

k
y

1
9
.
6
3
 
1
9
.
1
4
 
1
2
.
4
3
 
6
/
0

2
1
.
2
7
 
3
0
.
9
3
 
4
9
.
6
 
 
6
/
0

2
2
.
7
6
 
1
6
.
3
9
 
7
2
.
2
2
 
6
/
0

E
t
a
 
 
 
B
e
t
a
 
 
p
v
e
%
 
 
n
/
s

W
/
r
r
/
i
n
s
p
1

7
5
°
F

2
0
0
°
F

3
5
0
°
F



 
                           Weibull Analysis Report 
 
 By ky - Set 1 - 75°F                                   Date: YR2007-M12-D31 
 Elongation vs Temperature ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.98995 r^2=.980 ccc^2=.792 pve%=72.22 (Okay) 
 Characteristic Value=22.76 Weibull Slope=16.39 Method=rr/insp1 
 Mean=22.04 Std. Deviation=1.655 Cv%=7.508 
 Point Quantity=6 (Susp=0) 
 
   B%        Elongation (%) 
  1         17.19 
  2         17.94 
  5         18.99 
  10        19.84 
  20        20.77 
  50        22.26 
 
 
                           Weibull Analysis Report 
 
 By ky - Set 2 - 200°F                                  Date: YR2007-M12-D31 
 Elongation vs Temperature ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.96021 r^2=.922 ccc^2=.7991 pve%=49.6 (Okay) 
 Characteristic Value=21.27 Weibull Slope=30.93 Method=rr/insp1 
 Mean=20.9 Std. Deviation=.8467 Cv%=4.052 
 Point Quantity=6 (Susp=0) 
 
   B%        Elongation (%) 
  1         18.33 
  2         18.75 
  5         19.32 
  10        19.78 
  20        20.27 
  50        21.02 
 
 
                           Weibull Analysis Report 
 
 By ky - Set 3 - 350°F                                  Date: YR2007-M12-D31 
 Elongation vs Temperature ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.89944 r^2=.809 ccc^2=.7991 pve%=12.43 (Okay) 
 Characteristic Value=19.63 Weibull Slope=19.14 Method=rr/insp1 
 Mean=19.09 Std. Deviation=1.234 Cv%=6.466 
 Point Quantity=6 (Susp=0) 
 
   B%        Elongation (%) 
  1         15.43 
  2         16.01 
  5         16.81 
  10        17.45 
  20        18.15 
  50        19.26 
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                           Weibull Analysis Report 
 
 By ky - Set 1 - 75°F                                   Date: YR2007-M12-D31 
 Reduction of Area vs Temperature ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.8579 r^2=.736 ccc^2=.7991 pve%=4.2 (pve%<10!) 
 Characteristic Value=73.27 Weibull Slope=39.86 Method=rr/insp1 
 Mean=72.26 Std. Deviation=2.283 Cv%=3.16 
 Point Quantity=6 (Susp=0) 
 
   B%        Reduction of Area 
  1         65.29 
  2         66.44 
  5         68.01 
  10        69.25 
  20        70.57 
  50        72.6 
 
  
                          Weibull Analysis Report 
 
 By ky - Set 2 - 200°F                                  Date: YR2007-M12-D31 
 Reduction of Area vs Temperature ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.96333 r^2=.928 ccc^2=.8203 pve%=52.44 (Okay) 
 Characteristic Value=72.89 Weibull Slope=26.7 Method=rr/insp1 
 Mean=71.41 Std. Deviation=3.341 Cv%=4.678 
 Point Quantity=6 (Susp=0) 
 
   B%        Reduction of Area 
  1         61.35 
  2         62.98 
  5         65.21 
  10        66.99 
  20        68.9 
  50        71.89 
 
 
                           Weibull Analysis Report 
 
 By ky - Set 3 - 350°F                                  Date: YR2007-M12-D31 
 Reduction of Area vs Temperature ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.96073 r^2=.923 ccc^2=.8076 pve%=50.84 (Okay) 
 Characteristic Value=72.11 Weibull Slope=47.48 Method=rr/insp1 
 Mean=71.26 Std. Deviation=1.895 Cv%=2.66 
 Point Quantity=6 (Susp=0) 
 
   B%        Reduction of Area 
  1         65.45 
  2         66.42 
  5         67.73 
  10        68.77 
  20        69.86 
  50        71.55 
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                           Weibull Analysis Report 
 
 Set 1 - 75°F                                           Date: YR2008-M01-D19 
 Decreased Modulus with Increased Temperature ASTM A182 Gr F22M Low Alloy Steel 
 Correlation(r)=.93808 r^2=.880 ccc^2=.8076 pve%=29.49 (Okay) 
 Characteristic Value=31.45 Weibull Slope=18.14 Method=rr/insp1 
 Mean=30.54 Std. Deviation=2.079 Cv%=6.807 
 Point Quantity=6 (Susp=0) 
 
   B%        Modulus (Mpsi) 
  1         24.4 
  2         25.36 
  5         26.7 
  10        27.78 
  20        28.95 
  50        30.82 
 
 
                           Weibull Analysis Report 
 
 Set 2 - 200°F                                          Date: YR2008-M01-D19 
 Decreased Modulus with Increased Temperature ASTM A182 Gr F22M Low Alloy Steel 
 Correlation(r)=.91652 r^2=.840 ccc^2=.8203 pve%=13.52 (Okay) 
 Characteristic Value=30.49 Weibull Slope=16.02 Method=rr/insp1 
 Mean=29.5 Std. Deviation=2.265 Cv%=7.676 
 Point Quantity=6 (Susp=0) 
 
   B%        Modulus (Mpsi) 
  1         22.88 
  2         23.9 
  5         25.33 
  10        26.49 
  20        27.76 
  50        29.8 
 
 
                           Weibull Analysis Report 
 
 Set 3 - 350°F                                          Date: YR2008-M01-D19 
 Decreased Modulus with Increased Temperature ASTM A182 Gr F22M Low Alloy Steel 
 Correlation(r)=.91104 r^2=.830 ccc^2=.8076 pve%=14.14 (Okay) 
 Characteristic Value=30.31 Weibull Slope=20.62 Method=rr/insp1 
 Mean=29.53 Std. Deviation=1.776 Cv%=6.013 
 Point Quantity=6 (Susp=0) 
 
   B%        Modulus (Mpsi) 
  1         24.25 
  2         25.09 
  5         26.25 
  10        27.18 
  20        28.18 
  50        29.78 
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Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016  Mohr Engineering Division 
Stress Engineering Services, Inc. 

Annex E. Results from Charpy V-notch Tests 

Annex E.1. Lab Charpy Test Data 



BRYAN  LABORATORY,  INC.
METALLURGICAL CONSULTATION - INSPECTION - TESTING

ANALYTICAL SERVICES - FAILURE ANALYSIS

6919 ALMEDA ROAD (77021)

P. O. BOX 300366

HOUSTON, TX 77230-0366

TELEPHONE 713/747-7470    800/922-7470    FAX 713/747-7477

REPORT
Lab. No. B0L7-0434 April 27, 2007

ON: Steel 

TO: Stress Engineering Services, Inc.
13800 Westfair East Drive
Houston, Texas 77041-1101

Attention: Mr. Kenneth Young

IDENTITY: Purchase Order No. 172883-YOK-20070420;  Four blanks identified 
as from Block 1, four blanks identified as from Block 2 and four blanks 
identified as from Block 3 

IMPACT TESTS

Specimen Type - Transverse, Full size, Charpy V-notch

Test Temperature - -20EF

Block No., Absorbed Energy, Percent       Lateral
Specimen      Foot-Pounds       Shear  Expansion, mils

1-1 - 85 66 58
1-2 - 98 80 66
1-3 - 100 85 66
1-4 - 98 80 62

2-1 - 123 100 76
2-2 - 121 100 74
2-3 - 102 75 66
2-4 - 124 100 83

3-1 - 145 100 86
3-2 - 140 100 84
3-3 - 144 100 89
3-4 - 108 80 71

Respectfully submitted,
BRYAN LABORATORY, INC.

Signature on Original Only 

Walter T. Bryan

1/bb

NOTICE
The samples and/or specimens remaining from these tests or analyses will be discarded 

seven days after the date of this report, unless arrangements are made to the contrary.





Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016  Mohr Engineering Division 
Stress Engineering Services, Inc. 

Annex E.2. Charpy Data Analysis  
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                           Weibull Analysis Report 
 
 Set 1 - -75°F                                          Date: YR2008-M01-D19 
 Charpy V-notch Impact Tests ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.9985 r^2=.997 ccc^2=.792 pve%=89.75 (Okay) 
 Characteristic Value=51.01 Weibull Slope=2.145 Method=rr/insp1 
 Mean=45.18 Std. Deviation=22.17 Cv%=49.08 
 Point Quantity=3 (Susp=0) 
 
   B%        Absorbed Energy ( 
  1         5.975 
  2         8.274 
  5         12.77 
  10        17.87 
  20        25.35 
  50        43 
 
 
                           Weibull Analysis Report 
 
 Set 2 - -50°F                                          Date: YR2008-M01-D19 
 Charpy V-notch Impact Tests ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.98894 r^2=.978 ccc^2=.792 pve%=70.81 (Okay) 
 Characteristic Value=71.53 Weibull Slope=1.579 Method=rr/insp1 
 Mean=64.21 Std. Deviation=41.59 Cv%=64.76 
 Point Quantity=3 (Susp=0) 
 
   B%        Absorbed Energy ( 
  1         3.885 
  2         6.045 
  5         10.9 
  10        17.2 
  20        27.67 
  50        56.71 
 
 
                           Weibull Analysis Report 
 
 Set 3 - -20°F                                          Date: YR2008-M01-D19 
 Charpy V-notch Impact Tests ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.96125 r^2=.924 ccc^2=.8663 pve%=34.9 (Okay) 
 Characteristic Value=123.1 Weibull Slope=6.467 Method=rr/insp1 
 Mean=114.7 Std. Deviation=20.73 Cv%=18.08 
 Point Quantity=12 (Susp=0) 
 
   B%        Absorbed Energy ( 
  1         60.44 
  2         67.33 
  5         77.77 
  10        86.92 
  20        97.62 
  50        116.3 
 
 
 
 



                           Weibull Analysis Report 
 
 Set 4 - 10°F                                           Date: YR2008-M01-D19 
 Charpy V-notch Impact Tests ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.97622 r^2=.953 ccc^2=.792 pve%=57.23 (Okay) 
 Characteristic Value=137.8 Weibull Slope=8.341 Method=rr/insp1 
 Mean=130 Std. Deviation=18.54 Cv%=14.26 
 Point Quantity=3 (Susp=0) 
 
   B%        Absorbed Energy ( 
  1         79.36 
  2         86.29 
  5         96.48 
  10        105.2 
  20        115.1 
  50        131.8 
 
 
                           Weibull Analysis Report 
 
 Set 5 - 40°F                                           Date: YR2008-M01-D19 
 Charpy V-notch Impact Tests ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.87807 r^2=.771 ccc^2=.792 pve%=7.04 (pve%<10!) 
 Characteristic Value=132.5 Weibull Slope=14.62 Method=rr/insp1 
 Mean=127.9 Std. Deviation=10.71 Cv%=8.379 
 Point Quantity=3 (Susp=0) 
 
   B%        Absorbed Energy ( 
  1         96.74 
  2         101.5 
  5         108.2 
  10        113.6 
  20        119.6 
  50        129.2 
 
 
                           Weibull Analysis Report 
 
 Set 6 - 75°F                                           Date: YR2008-M01-D19 
 Charpy V-notch Impact Tests ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=1 r^2=1 ccc^2=0 pve%=100 (Okay) 
 Characteristic Value=127.5 Weibull Slope=24.05 Method=rr/insp1 
 Mean=124.7 Std. Deviation=6.459 Cv%=5.179 
 Point Quantity=3 (Susp=0) 
 
   B%        Absorbed Energy ( 
  1         105.3 
  2         108.4 
  5         112.7 
  10        116.2 
  20        119.8 
  50        125.6 
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                           Weibull Analysis Report 
 
 Set 1 - -20°F                                          Date: YR2007-M12-D31 
 CVN Lateral Expansion at -20°F ASTM A182 Gr F22M Low Alloy Steel (85 ksi) 
 Correlation(r)=.96644 r^2=.934 ccc^2=.8594 pve%=46.28 (Okay) 
 Characteristic Value=77.71 Weibull Slope=8.474 Method=rr/insp1 
 Mean=73.38 Std. Deviation=10.31 Cv%=14.05 
 Point Quantity=12 (Susp=0) 
 
   B%        Lateral Expansion 
  1         45.15 
  2         49.03 
  5         54.73 
  10        59.58 
  20        65.1 
  50        74.42 
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                           Weibull Analysis Report 
 
 Set 1 - -20°F                                          Date: YR2007-M12-D31 
 CVN Percent Shear at -20°F ASTM A182 Gr F22M Low Alloy Steel (85 ksi) 
 Correlation(r)=.99045 r^2=.981 ccc^2=.8076 pve%=92.5 (Okay) 
 Characteristic Value=89 Weibull Slope=9.738 Method=rr/insp1 
 Mean=84.58 Std. Deviation=10.43 Cv%=12.33 
 Point Quantity=12 (Susp=0) 
 
   B%        Percent Shear (%) 
  1         55.49 
  2         59.62 
  5         65.6 
  10        70.64 
  20        76.3 
  50        85.71 
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                           Weibull Analysis Report 
 
 Set 1 - -20°F                                          Date: YR2008-M01-D19 
 Fracture Toughness from CVN Tests ASTM A182 Gr F22M Low Alloy Steel (85 ksi) 
 Correlation(r)=.9576 r^2=.917 ccc^2=.8663 pve%=29.89 (Okay) 
 Characteristic Value=228.7 Weibull Slope=13.36 Method=rr/insp1 
 Mean=220 Std. Deviation=20.1 Cv%=9.136 
 Point Quantity=12 (Susp=0) 
 
   B%        Equivalent Fractu 
  1         162.1 
  2         170.8 
  5         183.1 
  10        193.3 
  20        204.4 
  50        222.5 



Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016  Mohr Engineering Division 
Stress Engineering Services, Inc. 

Annex F. Results from Fracture Toughness Tests 

Annex F.1. Lab Toughness Test Data 

 











































































































































Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016  Mohr Engineering Division 
Stress Engineering Services, Inc. 

Annex F.2. Toughness Data Analysis 

 



 

0

.
0
1

.
0
2

.
0
3

.
0
4

.
0
5

.
0
6

.
0
7

.
0
8

.
0
9

0
5
0

1
0
0

1
5
0

2
0
0

2
5
0

3
0
0

3
5
0

P
l
a
n
e
 
S
t
r
a
i
n
 
F
r
a
c
t
u
r
e
 
T
o
u
g
h
n
e
s
s
 
-
 
J
-
I
n
t
e
g
r
a
l

A
S
T
M
 
A
1
8
2
 
G
r
 
F
2
2
M
 
L
o
w
 
A
l
l
o
y
 
S
t
e
e
l
 
(
8
5
K
)

W e i b u l l  r r  P D F

J
-
I
n
t
e
g
r
a
l
 
(
N
/
m
m
)

Y
R
2
0
0
8

M
0
1
D
2
3

A
i
r

S
e
a

H
2
S

E
t
a
2
6
7
.
7
:
B
e
t
a
2
0
.
8
4

E
t
a
2
1
8
.
6
:
B
e
t
a
8
.
4
3
6

E
t
a
1
4
.
1
3
:
B
e
t
a
2
.
8
5
8



 

15 21
0

3
0

5
0

7
0

9
0

1
1
0

7
5

3
2

1
0
0

7
0

5
0

3
0

2
0

7
0
0

3
0
0

P
l
a
n
e
 
S
t
r
a
i
n
 
F
r
a
c
t
u
r
e
 
T
o
u
g
h
n
e
s
s
 
-
 
J
-
I
n
t
e
g
r
a
l

A
S
T
M
 
A
1
8
2
 
G
r
 
F
2
2
M
 
L
o
w
 
A
l
l
o
y
 
S
t
e
e
l
 
(
8
5
K
)

O c c u r r e n c e  C D F  %

J
-
I
n
t
e
g
r
a
l
 
(
N
/
m
m
)

Y
R
2
0
0
8

M
0
1
D
2
3

1
4
.
1
3
 
2
.
8
5
8
 
9
0
.
6
7
 
6
/
0

2
1
8
.
6
 
8
.
4
3
6
 
2
9
.
4
9
 
6
/
0

2
6
7
.
7
 
2
0
.
8
4
 
3
1
.
8
3
 
6
/
0

E
t
a
 
 
 
B
e
t
a
 
 
p
v
e
%
 
 
n
/
s

W
/
r
r
/
i
n
s
p
1

A
i
r

S
e
a

H
2
S



 
                           Weibull Analysis Report 
 
 Set 1 - Air                                            Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness - J-Integral ASTM A182 Gr F22M Low Alloy Steel 
 Correlation(r)=.94446 r^2=.892 ccc^2=.8203 pve%=31.83 (Okay) 
 Characteristic Value=267.7 Weibull Slope=20.84 Method=rr/insp1 
 Mean=260.9 Std. Deviation=15.53 Cv%=5.954 
 Point Quantity=6 (Susp=0) 
 
   B%        J-Integral (N/mm) 
  1         214.7 
  2         222 
  5         232.1 
  10        240.3 
  20        249.1 
  50        263 
 
 
                           Weibull Analysis Report 
 
 Set 2 - Sea                                            Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness - J-Integral ASTM A182 Gr F22M Low Alloy Steel 
 Correlation(r)=.93808 r^2=.880 ccc^2=.8076 pve%=29.49 (Okay) 
 Characteristic Value=218.6 Weibull Slope=8.436 Method=rr/insp1 
 Mean=206.4 Std. Deviation=29.13 Cv%=14.11 
 Point Quantity=6 (Susp=0) 
 
   B%        J-Integral (N/mm) 
  1         126.7 
  2         137.7 
  5         153.8 
  10        167.4 
  20        183 
  50        209.3 
 
 
                           Weibull Analysis Report 
 
 Set 3 - H2S                                            Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness - J-Integral ASTM A182 Gr F22M Low Alloy Steel 
 Correlation(r)=.98793 r^2=.976 ccc^2=.8203 pve%=90.67 (Okay) 
 Characteristic Value=14.13 Weibull Slope=2.858 Method=rr/insp1 
 Mean=12.59 Std. Deviation=4.778 Cv%=37.96 
 Point Quantity=6 (Susp=0) 
 
   B%        J-Integral (N/mm) 
  1         2.824 
  2         3.606 
  5         4.996 
  10        6.427 
  20        8.357 
  50        12.43 
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                           Weibull Analysis Report 
 
 Set 1 - Air                                            Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness - CTOD ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.96799 r^2=.937 ccc^2=.8203 pve%=59.79 (Okay) 
 Characteristic Value=.232 Weibull Slope=32.01 Method=rr/insp1 
 Mean=.228 Std. Deviation=.0089339 Cv%=3.918 
 Point Quantity=6 (Susp=0) 
 
   B%        CTOD (mm) 
  1         .2009 
  2         .2054 
  5         .2114 
  10        .2162 
  20        .2214 
  50        .2293 
 
 
                           Weibull Analysis Report 
 
 Set 2 - Sea                                            Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness - CTOD ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.95341 r^2=.909 ccc^2=.8203 pve%=40.72 (Okay) 
 Characteristic Value=.1874 Weibull Slope=7.544 Method=rr/insp1 
 Mean=.1759 Std. Deviation=.02757 Cv%=15.67 
 Point Quantity=6 (Susp=0) 
 
   B%        CTOD (mm) 
  1         .1018 
  2         .1117 
  5         .1264 
  10        .139 
  20        .1536 
  50        .1785 
 
 
                           Weibull Analysis Report 
 
 Set 3 - H2S                                            Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness - CTOD ASTM A182 Gr F22M Low Alloy Steel (85K) 
 Correlation(r)=.9975 r^2=.995 ccc^2=.8076 pve%=98.91 (Okay) 
 Characteristic Value=.01031 Weibull Slope=1.708 Method=rr/insp1 
 Mean=.0091938 Std. Deviation=.0055444 Cv%=60.31 
 Point Quantity=6 (Susp=0) 
 
   B%        CTOD (mm) 
  1         .0006968 
  2         .0010488 
  5         .0018101 
  10        .0027592 
  20        .004282 
  50        .0083161 
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                           Weibull Analysis Report 
 
 Set 1 - Air                                            Date: YR2008-M01-D24 
 Equivalent Plane Strain Fracture Toughness per API 579 ASTM A182 Gr F22M Low Al 
 Correlation(r)=.93808 r^2=.880 ccc^2=.8203 pve%=26.47 (Okay) 
 Characteristic Value=226.6 Weibull Slope=41.79 Method=rr/insp1 
 Mean=223.6 Std. Deviation=6.744 Cv%=3.016 
 Point Quantity=6 (Susp=0) 
 
   B%        J-Integral (ksi s 
  1         203 
  2         206.4 
  5         211.1 
  10        214.7 
  20        218.6 
  50        224.7 
 
 
                           Weibull Analysis Report 
 
 Set 2 - Sea                                            Date: YR2008-M01-D24 
 Equivalent Plane Strain Fracture Toughness per API 579 ASTM A182 Gr F22M Low Al 
 Correlation(r)=.98285 r^2=.966 ccc^2=.7991 pve%=78.45 (Okay) 
 Characteristic Value=202.8 Weibull Slope=17.41 Method=rr/insp1 
 Mean=196.7 Std. Deviation=13.93 Cv%=7.084 
 Point Quantity=6 (Susp=0) 
 
   B%        J-Integral (ksi s 
  1         155.7 
  2         162 
  5         171 
  10        178.2 
  20        186 
  50        198.5 
 
  
                          Weibull Analysis Report 
 
 Set 3 - H2S                                            Date: YR2008-M01-D24 
 Equivalent Plane Strain Fracture Toughness per API 579 ASTM A182 Gr F22M Low Al 
 Correlation(r)=.99197 r^2=.984 ccc^2=.8076 pve%=94.16 (Okay) 
 Characteristic Value=51.28 Weibull Slope=6.033 Method=rr/insp1 
 Mean=47.59 Std. Deviation=9.172 Cv%=19.27 
 Point Quantity=6 (Susp=0) 
 
   B%        J-Integral (ksi s 
  1         23.92 
  2         26.86 
  5         31.34 
  10        35.31 
  20        39.99 
  50        48.25 
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                           Weibull Analysis Report 
 
 Set 1 - Air                                            Date: YR2008-M01-D23 
 Equivalent Plane Strain Fracture Toughness per API 579 ASTM A182 Gr F22M Low Al 
 Correlation(r)=.94868 r^2=.900 ccc^2=.7991 pve%=39.08 (Okay) 
 Characteristic Value=204.3 Weibull Slope=39.69 Method=rr/insp1 
 Mean=201.4 Std. Deviation=6.392 Cv%=3.173 
 Point Quantity=6 (Susp=0) 
 
   B%        CTOD (ksi sqrt{in 
  1         181.9 
  2         185.2 
  5         189.5 
  10        193 
  20        196.7 
  50        202.4 
 
 
                           Weibull Analysis Report 
 
 Set 2 - Sea                                            Date: YR2008-M01-D23 
 Equivalent Plane Strain Fracture Toughness per API 579 ASTM A182 Gr F22M Low Al 
 Correlation(r)=.99197 r^2=.984 ccc^2=.8203 pve%=95.21 (Okay) 
 Characteristic Value=183.8 Weibull Slope=14.64 Method=rr/insp1 
 Mean=177.3 Std. Deviation=14.84 Cv%=8.367 
 Point Quantity=6 (Susp=0) 
 
   B%        CTOD (ksi sqrt{in 
  1         134.2 
  2         140.8 
  5         150 
  10        157.6 
  20        165.9 
  50        179.2 
 
  
                          Weibull Analysis Report 
 
 Set 3 - H2S                                            Date: YR2008-M01-D23 
 Equivalent Plane Strain Fracture Toughness per API 579 ASTM A182 Gr F22M Low Al 
 Correlation(r)=.99649 r^2=.993 ccc^2=.8076 pve%=98.24 (Okay) 
 Characteristic Value=43.15 Weibull Slope=3.394 Method=rr/insp1 
 Mean=38.77 Std. Deviation=12.61 Cv%=32.53 
 Point Quantity=6 (Susp=0) 
 
   B%        CTOD (ksi sqrt{in 
  1         11.13 
  2         13.67 
  5         17.99 
  10        22.24 
  20        27.74 
  50        38.74 
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                           Weibull Analysis Report 
 
 Set 1 - CVN                                            Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness (air) per API 579 ASTM A182 Gr F22M Low Alloy S 
 Correlation(r)=.9576 r^2=.917 ccc^2=.8663 pve%=29.89 (Okay) 
 Characteristic Value=228.7 Weibull Slope=13.36 Method=rr/insp1 
 Mean=220 Std. Deviation=20.1 Cv%=9.136 
 Point Quantity=12 (Susp=0) 
 
   B%        Equivalent Fractu 
  1         162.1 
  2         170.8 
  5         183.1 
  10        193.3 
  20        204.4 
  50        222.5 
 
 
                           Weibull Analysis Report 
 
 Set 2 - CTOD                                           Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness (air) per API 579 ASTM A182 Gr F22M Low Alloy S 
 Correlation(r)=.94868 r^2=.900 ccc^2=.7991 pve%=39.08 (Okay) 
 Characteristic Value=204.3 Weibull Slope=39.69 Method=rr/insp1 
 Mean=201.4 Std. Deviation=6.392 Cv%=3.173 
 Point Quantity=6 (Susp=0) 
 
   B%        Equivalent Fractu 
  1         181.9 
  2         185.2 
  5         189.5 
  10        193 
  20        196.7 
  50        202.4 
 
 
                           Weibull Analysis Report 
 
 Set 3 - J-Int                                          Date: YR2008-M01-D23 
 Plane Strain Fracture Toughness (air) per API 579 ASTM A182 Gr F22M Low Alloy S 
 Correlation(r)=.93808 r^2=.880 ccc^2=.8203 pve%=26.47 (Okay) 
 Characteristic Value=226.6 Weibull Slope=41.79 Method=rr/insp1 
 Mean=223.6 Std. Deviation=6.744 Cv%=3.016 
 Point Quantity=6 (Susp=0) 
 
   B%        Equivalent Fractu 
  1         203 
  2         206.4 
  5         211.1 
  10        214.7 
  20        218.6 
  50        224.7 



Material 85K,  2¼ Cr - 1 Mo Low Alloy Steel 
Test Lab Bodycote 

Test Date 

ASME API 579 Barson 
Rolfe

mm in. ksi·√in. ksi·√in. ksi·√in. N / mm lb / in ksi·√in.
8/31/2007 2-07-T-1 Air 0.430 0.01695 218 283 297 506 2890 312 Std strain rate 0.66 mm/min 

9/17/2007 1-05-T-1 Air 0.218 0.00860 153 199 209 245 1395 217 Slow strain rate 0.008 mm/min 
8/31/2007 1-05-T-2 Air 0.227 0.00895 156 203 214 271 1545 228 Slow strain rate 0.008 mm/min 
9/17/2007 2-05-T-1 Air 0.223 0.00880 157 204 214 260 1485 223 Slow strain rate 0.008 mm/min 
9/18/2007 2-05-T-2 Air 0.238 0.00935 162 210 221 256 1460 222 Slow strain rate 0.008 mm/min 
9/11/2007 3-05-T-1 Air 0.228 0.00900 153 199 209 253 1445 220 Slow strain rate 0.008 mm/min 
10/3/2007 3-05-T-2 Air 0.237 0.00935 156 203 213 285 1630 234 Slow strain rate 0.008 mm/min 

Weibull eta 0.232 157.2 204.3 215.1 267.7 226.6
Weibull beta 32.01 37.39 39.69 41.00 20.84 41.79
Weibull B50 0.229 156 202 213 263 225
Weibull B2 0.205 142 185 196 222 206
Weibull B1 0.201 139 182 192 215 203
COV 3.9% 3.4% 3.2% 3.1% 6.0% 3.0%

9/19/2007 1-05-T-1 Seawater w/ CP 0.187 0.00735 142 184 194 220 1255 205 Slow strain rate 0.008 mm/min 
9/19/2007 1-05-T-2 Seawater w/ CP 0.193 0.00760 144 187 197 230 1315 210 Slow strain rate 0.008 mm/min 
9/19/2007 2-05-T-1 Seawater w/ CP 0.133 0.00525 121 157 165 166 950 179 Slow strain rate 0.008 mm/min 
9/19/2007 2-05-T-2 Seawater w/ CP 0.199 0.00785 148 192 202 230 1310 210 Slow strain rate 0.008 mm/min 
9/19/2007 3-05-T-1 Seawater w/ CP 0.168 0.00660 131 171 179 184 1050 188 Slow strain rate 0.008 mm/min 
9/19/2007 3-05-T-2 Seawater w/ CP 0.181 0.00715 136 177 186 219 1250 205 Slow strain rate 0.008 mm/min 

Weibull eta 0.187 141.5 183.8 193.4 218.6 202.8
Weibull beta 7.54 14.47 14.64 14.37 8.44 17.41
Weibull B50 0.179 138 179 189 209 199
Weibull B2 0.112 108 141 147 138 162
Weibull B1 0.102 103 134 140 127 156
COV 15.7% 8.5% 8.4% 8.5% 14.1% 7.1%

9/12/2007 1-06-T-1 7% H2S, 4 ph 0.013 0.00050 37 49 51 16.9 95 57 Slow strain rate 0.008 mm/min 
9/14/2007 1-06-T-2 7% H2S, 4 ph 0.007 0.00030 27 36 38 9.6 55 43 Slow strain rate 0.008 mm/min 
9/12/2007 2-06-F-1 7% H2S, 4 ph 0.013 0.00050 38 49 52 17.1 100 57 Slow strain rate 0.008 mm/min 
9/13/2007 2-06-T-2 7% H2S, 4 ph 0.005 0.00020 24 30 32 6.4 35 35 Slow strain rate 0.008 mm/min 
9/11/2007 3-06-T-1 7% H2S, 4 ph 0.016 0.00065 41 53 55 13.6 80 51 Slow strain rate 0.008 mm/min 
9/11/2007 3-06-T-2 7% H2S, 4 ph 0.003 0.00010 18 23 24 11.5 65 47 Slow strain rate 0.008 mm/min 

Weibull eta 0.010 34.35 43.15 46.86 14.13 51.28
Weibull beta 1.71 3.364 3.394 3.296 2.858 6.033
Weibull B50 0.008 31 39 42 12 48
Weibull B2 0.001 11 14 14 3.6 27
Weibull B1 0.001 8.8 11 12 2.8 24
COV 60.3% 32.8% 32.5% 33.4% 38.0% 19.3%

HT 1 HT 2 HT 3
Yield strength 89.32 91.81 85.31 ksi Weibull B50 value from Westmoreland data at 75°F 

Ultimate strength 106.9 108.7 101.8 ksi Weibull B50 value from Westmoreland data at 75°F 

Modulus 30,600 ksi ASME Sect II Part D data at 75°F 
Poission's ratio 0.30

ASME API 579 Barson 
Rolfe ASME API 579 Barson 

Rolfe
ksi·√in. ksi·√in. ksi·√in. ksi·√in. ksi·√in. ksi·√in. ksi·√in.

Air, -20°F 223
Air, 75°F 156 202 213 225 225 225
Seawater w/ CP 138 179 189 199 199 199
7% H2S, 4 ph 31 39 42 48 48 48
Air, -20°F 171
Air, 75°F 142 185 196 206 206 206
Seawater w/ CP 108 141 147 162 162 162
7% H2S, 4 ph 11 14 14 27 27 27
Air, -20°F 162
Air, 75°F 139 182 192 203 203 203
Seawater w/ CP 103 134 140 156 156 156
7% H2S, 4 ph 9 11 12 24 24 24

B1 value

B2 value

Weibull 
distribution 

value
Environment

CTOD
CVN

Equivalent KIC 

Equivalent Plane Strain Fracture Toughness - JQ Summary 

B50 value

J-Integral

Test Data

Aug - Nov 2007

Equivalent 
KIC 

Plane Strain Fracture Toughness Test Data, ASTM E 1820 (0.2 mm offset, JQ)

J-Integral

Data S/N Environment Comments

CTOD 

Test Data

K Data  172883 Test Results.xls  2/19/2008  14:17



ASME API 579 Barson 
Rolfe

mm in. ksi·√in. ksi·√in. ksi·√in. N / mm lb / in ksi·√in.
8/31/2007 2-07-T-1 Air 0.430 0.01695 218 283 297 506 2890 312 Std strain rate 0.66 mm/min 

9/17/2007 1-05-T-1 Air 0.218 0.00860 153 199 209 245 1400 217 Slow strain rate 0.008 mm/min 
8/31/2007 1-05-T-2 Air 0.244 0.00960 162 211 221 272 1555 229 Slow strain rate 0.008 mm/min 
9/17/2007 2-05-T-1 Air 0.271 0.01065 173 222 236 295 1685 238 Slow strain rate 0.008 mm/min 
9/18/2007 2-05-T-2 Air 0.261 0.01030 170 218 231 285 1625 234 Slow strain rate 0.008 mm/min 
9/11/2007 3-05-T-1 Air 0.298 0.01175 175 233 239 323 1845 249 Slow strain rate 0.008 mm/min 
10/3/2007 3-05-T-2 Air 0.310 0.01220 178 237 244 344 1965 257 Slow strain rate 0.008 mm/min 

Weibull eta 0.282 173 224 236 309 244
Weibull beta 8.22 19.03 19.12 18.69 8.84 17.81
Weibull B50 0.270 170 220 231 297 239
Weibull B2 0.175 141 183 192 199 196
Weibull B1 0.161 136 176 185 184 188
COV 14.5% 6.5% 6.5% 6.6% 13.5% 6.9%

9/19/2007 1-05-T-1 Seawater w/ CP 0.231 0.00910 158 205 215 252 1440 220 Slow strain rate 0.008 mm/min 
9/19/2007 1-05-T-2 Seawater w/ CP 0.287 0.01130 176 228 240 313 1785 245 Slow strain rate 0.008 mm/min 
9/19/2007 2-05-T-1 Seawater w/ CP 0.244 0.00960 164 213 224 262 1495 224 Slow strain rate 0.008 mm/min 
9/19/2007 2-05-T-2 Seawater w/ CP 0.250 0.00985 166 216 227 270 1540 228 Slow strain rate 0.008 mm/min 
9/19/2007 3-05-T-1 Seawater w/ CP 0.352 0.01385 190 247 260 346 1975 258 Slow strain rate 0.008 mm/min 
9/19/2007 3-05-T-2 Seawater w/ CP 0.304 0.01195 177 230 241 330 1885 252 Slow strain rate 0.008 mm/min 

Weibull eta 0.295 177 230 241 311 245
Weibull beta 7.09 16.74 16.63 16.47 8.45 16.78
Weibull B50 0.280 173 225 236 298 239
Weibull B2 0.170 140 182 190 196 194
Weibull B1 0.154 134 174 183 181 186
COV 16.6% 7.4% 7.4% 7.5% 14.1% 7.3%

9/12/2007 1-06-T-1 7% H2S, 4 ph 0.066 0.00260 84 110 115 74 425 119 Slow strain rate 0.008 mm/min 
9/14/2007 1-06-T-2 7% H2S, 4 ph 0.066 0.00260 84 110 115 72 410 118 Slow strain rate 0.008 mm/min 
9/12/2007 2-06-F-1 7% H2S, 4 ph 0.063 0.00250 83 108 114 72 410 118 Slow strain rate 0.008 mm/min 
9/13/2007 2-06-T-2 7% H2S, 4 ph 0.066 0.00260 85 111 116 74 425 119 Slow strain rate 0.008 mm/min 
9/11/2007 3-06-T-1 7% H2S, 4 ph 0.081 0.00320 91 119 125 88 500 130 Slow strain rate 0.008 mm/min 
9/11/2007 3-06-T-2 7% H2S, 4 ph 0.086 0.00340 94 122 128 100 570 139 Slow strain rate 0.008 mm/min 

Weibull eta 0.075 89 116 121 84 127
Weibull beta 9.69 24.19 24.52 25.37 6.03 19.37
Weibull B50 0.072 87 114 119 79 124
Weibull B2 0.050 75 99 104 44 104
Weibull B1 0.046 73 96 101 100
COV 12.4% 5.2% 5.1% 4.9% 19.3% 6.4%

ASME API 579 Barson 
Rolfe ASME API 579 Barson 

Rolfe
ksi·√in. ksi·√in. ksi·√in. ksi·√in. ksi·√in. ksi·√in. ksi·√in.

Air, -20°F 223
Air, 75°F 170 220 231 239 239 239
Seawater w/ CP 173 225 298 239 239 239
7% H2S, 4 ph 87 114 79 124 124 124
Air, -20°F 171
Air, 75°F 141 183 192 196 196 196
Seawater w/ CP 140 182 190 194 194 194
7% H2S, 4 ph 75 99 104 104 104 104

B50 value

B2 value

Equivalent 
KIC 

Equivalent Plane Strain Fracture Toughness - Jmax Summary 

Weibull 
distribution 

value
Environment CVN

CTOD J-Integral

Plane Strain Fracture Toughness Test Data, ASTM E 1820 (max Load, Jmax)

Data S/N Environment

CTOD J-Integral

Comments
Test Data

Equivalent KIC 
Test Data
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Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016  Mohr Engineering Division 
Stress Engineering Services, Inc. 

Annex G. Results from Fatigue Crack Growth Rate Tests 

Annex G.1. Lab Crack Growth Rate Test Data 

 























































































Characterizing Material Performance for Design of HPHT Equipment in Accordance with API RP 6HP 

MMS Contract No.: M07PC13016  Mohr Engineering Division 
Stress Engineering Services, Inc. 

Annex G.2. Crack Growth Rate Data Analysis 
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