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Abstract

The room temperature elastic-plastic fracture toughness of additively manufactured (AM)
Ti-6Al-4V was characterized by means of Elastic Compliance (EC) tests on Charpy-type
fatigue precracked and side-grooved specimens. Various fabrication and material conditions
were investigated: as-built parameters (effects of scan length and use of supports) and hot
isostatic pressing parameters (effects of temperature and cooling rate). The results, although
strictly not fully compliant with ASTM E1820-18a%, can be considered representative of the
fracture toughness of the material in the different conditions, and compare favorably with
literature data for both non-AM and AM Ti-6Al-4V. Additional analyses were conducted with
another single-specimen approach (Normalization Data Reduction) and were compared with
EC results.
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scan length; Ti-6Al-4V.
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1. Introduction

Additive Manufacturing (AM), previously known as 3D printing, is a process in which
material is joined or solidified under computer controlto create a three-
dimensional object, with material being added together (such as liquid molecules or powder
grains being fused together), typically layer by layer. In the 1990s, 3D printing was considered
only suitable to produce functional or aesthetical prototypes. Nowadays, the precision,
repeatability, and material range have increased to the point that 3D printing, or AM, is
considered as an industrial production technology.

The sale of AM products and services is projected to exceed $6.5 billion worldwide by
2019 [1]. To enable use of metal AM in fatigue and fracture applications, a recent NIST/ASTM
workshop [2] identified the need for a deeper understanding of fatigue and fracture behavior
of these materials through detailed investigations of processing-structure-property-
performance relationships.

The objective of the Additive Manufacturing Fatigue and Fracture Project at NIST is
twofold:
o Develop appropriate measurement science for fatigue and fracture behavior of additively
manufactured metals, to underpin a rapid qualification framework.
¢ Determine the effect of processing (including post-processing) and structure (e.g. internal
defects, external defects, residual stress, crystallographic microstructure, and chemistry)
on fatigue and fracture properties of additively manufactured metals.

The first fracture measurements published in the framework of this project
characterized the impact properties of electron-beam melted (EBM) Ti-6Al-4V by means of
instrumented tests on miniaturized Charpy specimens [3,4]. Tests were performed in two
different orientations with respect to the build direction (horizontal and vertical), as well as in
the as-built and Hot Isostatic Pressed (HIPed) conditions. The results showed a deleterious
effect of internal porosity and a significant influence of texture variations on absorbed energy.

Ti-6Al-4V (commonly, and hereinafter, referred to as Ti64) is the most widely used
titanium alloy, featuring good machinability and excellent mechanical properties. It offers the
best all-round performance for a variety of weight reduction applications in aerospace,
automotive, and marine equipment. Its high strength, low weight, and outstanding corrosion
resistance has led to a wide range of successful applications that demand high levels of reliable
performance in surgery and medicine (e.g. implants and prosthesis), aerospace, automotive,
chemical plants, power generation, oil and gas extraction, sports, and other major industries.

This Technical Note reports on an extensive fracture toughness test campaign on AM
Ti64, consisting of 50 tests on Charpy-type specimens performed at room temperature by
means of the single-specimen elastic compliance (EC) technigque, which allowed determining
both critical toughness values of J-integral at crack initiation (Jg) and crack resistance (J-R)
curves. The following manufacturing parameters were investigated in this campaign:
e As-built versus two types of HIPing (classic and super-f transus).
e Non-supported versus supported specimens?.

! Specimens directly attached to the build plate were identified as “non-supported”, while “supported” specimens
were connected to the build plate by means of standard thin wafer supports.



e Different scan lengths?.

A preliminary fracture toughness study was also performed [6] on non-supported and
supported specimens, all in classic HIP condition, for a specific scan length (84 mm). The main
objective of this activity (besides developing and fine-tuning the experimental procedure) was
to determine whether very sharp Electrically Discharge Machined (EDM) notches could be a
reliable alternative to fatigue precracks for AM Ti-6Al-4V Charpy-type specimens. This was
found to be case for several steels in a previous investigation [7]. The results of the preliminary
study [6] showed that fatigue precracking had to be used for further testing, in order to avoid
fracture toughness overestimation caused by the finite root radius of an EDM notch. Based on
the outcome of this preliminary campaign, only fatigue precracked specimens were used for
the investigation described herein.

2. Material and processing parameters

The AM Ti64 parts used in this study were fabricated using an Arcam® A1 EBM
machine (accelerating voltage 60 kV, layer thickness 50 um, speed factor 35, and software
version 3.2.132) and standard Arcam Ti-6Al-4V gas atomized powder (particle size range
approximately 40 um to 100 um, average approximately 70 pum).

Parts on the build plate were organized in such a way that the X and Y scan lengths
(distance the electron beam travels on a single track before turning around) were the same for
a given melt model. Melt models were designed to have different overall scan lengths (28 mm,
56 mm, 70 mm, and 84 mm). In some cases, 5 mm tall support structures were used, while
other parts were not supported (directly attached to the build plate). All parts were
manufactured to have the same total build height of 58 mm (including the height of the support
structures when applicable).

Parts were subjected to two different HIP treatments:

(@) “Classic” sub-f transus HIP (900 °C, 100 MPa, 2 h, Ar environment, standard heating and
cooling rates) [8].

(b) Super-p transus HIP (1050 °C, 100 MPa, 2 h, rapid cooling in Ar) with an additional HIP
(800 °C, 30 MPa, 2 h, slow cooling in Ar — meant for martensite tempering), which
however requires further analysis and optimization.

The processing parameters whose influence was investigated in this study (and in the
preliminary campaign that investigated the 84 mm scan length documented in [6]) were the
following:

e As built vs. HIPed.

e Different scan lengths: 28 mm, 56 mm, 70 mm, and 84 mm for as-built specimens; 28 mm
and 70 mm for classic HIP; 70 mm for super-f transus HIP.

e Non-supported vs. supported specimens.

2 Scan length is a manufacturer-specific parameter that corresponds to the distance the electron beam travels on a
single track before turning around to begin the next track. It has been shown to determine energy density and
affect texture [5].

3 Certain commercial software, equipment, instruments or materials are identified in this paper in order to
adequately specify the experimental procedure. Such identification is not intended to imply recommendation or
endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the equipment
or materials identified are necessarily the best available for the purpose.



The overall test matrix is presented in Table 1. The total number of tests performed
(including the preliminary study) was 50.

Table 1 — Overall test matrix for the investigation of the room temperature fracture
toughness properties of AM Ti64.

Material Non-supported Scan length  Number

condition vs. supported mm of tests
28
56
70
84
28
56
Supported 70
84
84
28
70
84
Super-f transus HIP 70

IS

Non-supported

As-built

Classic HIP
Non-supported

B A LS A R R A S

3. Experimental setup and analysis procedures

All tests were performed on fatigue precracked and side-grooved Charpy-type
specimens. The specimens were machined with integral knife edges that allowed installing a
clip-gage for monitoring crack mouth opening displacement (CMOD). The technical drawings
are provided in Fig. 1 (specimen before side-grooving) and Fig. 2 (specimen after side-
grooving).

Specimen precracking was performed by cyclic fatigue in accordance with Section 7.4
of ASTM E1820-18a [9] up to a nominal crack-size-to-width ratio a/W = 0.45. After
precracking, specimens were side-grooved with an overall thickness reduction of 2 mm or
20 % (1 mm, or 10 %, per side).

Tests were conducted in three-point-bending (span* S = 4W = 40 mm) on a servo-
hydraulic universal machine equipped with a calibrated load cell having 5 kN capacity. As
mentioned above, CMOD was measured by means of a clip-gage with a maximum range of 5
mm.

All tests were performed at room temperature, 22 °C £ 2 °C, in air. Tests were
conducted in actuator displacement (“stroke”) control, at a rate of 0.1 mm/min (quasi-static
testing).

4 The span S is the distance between the lower rollers in the three-point-bending fixture used for the tests.
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Fig. 1 — Drawing of the Charpy-type specimen before side-grooving.
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Fig. 2 — Drawing of the Charpy-type specimen after side-grooving.
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The single-specimen methodology used to obtain fracture toughness parameters (plane-
strain fracture toughness, Jg, and crack resistance, J-R, curves) was the elastic compliance (EC)
method, whereby the specimen is periodically unloaded and reloaded during the test to estimate
the current crack size based on the specimen elastic compliance® (slope of the linear fit of the
unloading/reloading force-CMOD cycle). For every unloading/reloading cycle, the values of
J-integral and crack extension Aa are calculated, so that a complete J-R curve and critical
toughness Jo/Jic can be established in accordance with Annexes A8 and A9 of E1820-18a?!,
respectively. In order to quantify crack resistance, another parameter (currently not included
in E1820, but covered in the past by ASTM E813%) was calculated and reported: the tearing
modulus Twm, a non-dimensional quantity introduced by Paris in 1977 [10,11] as:

g
o2 da ) (1)

90

TM=

5 (Elastic) compliance is defined in ASTM E1820-18a%! as the ratio of displacement increment to force increment.
& ASTM E813 (Test Method for Jic, A Measure of Fracture Toughness) was a precursor to E1820 and was
withdrawn in 1997. Its last version was E813-89%.



where E is the Young’s modulus, oy is the flow stress (average of yield and tensile stresses),
and dJ/da is the slope’ of the power law fit to the J-Aa data points inside the region of qualified
data according to E1820. In this study, we reported values of tearing modulus at initiation (Jg),
Twm.10, and the average value between initiation and Jiimit (limiting J-capacity of the specimen),
TM,mean-

In addition to the EC procedure, another single-specimen method was used for analysis:
the Normalization Data Reduction (NDR) technique, which is standardized in Annex A15 of
ASTM E1820-18a'. This approach is used to obtain a J-R curve directly from a force-
displacement record, together with initial and final crack size measurements taken from the
specimen fracture surface [12-15]. The NDR analyses were conducted by means of a freeware
tool recently made available by Oak Ridge National Laboratory (ORNL) [16], and the results
were eventually compared with those of the EC analyses. Such comparison will be examined
in the “Discussion” section.

The tests were conducted according to Section 8 (Procedure) of ASTM E1820-18a¢
and the analyses were performed following Section 9 (Analysis of Results). Values of J-integral
and crack size were calculated by means of the formulas provided in Annex Al for bend,
SE(B), specimens®. For the estimation of crack size from elastic compliance, the
recommendations of Appendix X3 were followed:

e only the unload part was used, and
e the first 5 % and the last 5 % of the unload/reload sequence (where significant non-
linearities can occur) were discarded.

Moreover, in order to improve the accuracy of EC crack growth predictions, predicted
crack sizes (aipred) Were adjusted based on the measured initial (ao) and final (ap) crack sizes,
using the following relationship:

ap—Aagp
Qi adj = Qog + m(ai,pred - an) (2)
where aj ag;j IS the adjusted crack size and aoq is the initial crack size estimated from compliance
in accordance with Annex A9. Eq. (2) is the recommended adjustment for crack size
predictions obtained from another single-specimen technique (Direct Current Electric Potential
Difference), which is described by Annex A18 of ASTM E1820-18a:.

For the analyses, we used tensile properties (yield and tensile stresses) measured at
room temperature at NIST on as-built and HIPed specimens in a recent study [17] for various
scan lengths. The values of yield stress and tensile stress for the investigated conditions were
obtained by linearly fitting the tensile properties measured in [17] as a function of scan length.
The value of Young’s modulus to be used for all conditions (E = 128.8 GPa) was estimated in
[6] by forcing the average elastic compliance of sharp-notched specimens to correspond to the
known initial value of the machined notch (V-notch + EDM slit = 4.5 mm). Table 2
summarizes the tensile properties used in the analysis of the fracture toughness tests.

" Note that ASTM E813 prescribed a linear fit of the valid J-Aa data points, which yielded a unique value of dJ/da
and hence of Tw. However, E1820 prescribes a power law fit, and therefore the tearing modulus assumes different
values along the J-R curve.

8 The precracked Charpy-type specimen is just an example of bend, SE(B), specimen with B x B cross section
(10 mm x 10 mm). The formulas given in ASTM E1820-18a%, Annex A1, for SE(B) specimens are therefore
fully applicable.



Table 2 — AM Ti64 room temperature tensile properties used in the analysis of the fracture
toughness tests.

Material Non-supported Scan length  Yield stress Tensile stress
condition vs. supported mm MPa MPa
28 826 967
Non-supported >6 834 72
70 838 975
. 84 841 977
As-built 28 860 960
56 876 974
Supported 70 884 981
84 892 988
84 841 952
. 28 804 919
Classic HIP ; 70 836 946
Non-supporte 84 846 055
Super- transus HIP 70 885° 9858

4. Test Results — As Built Condition

4.1.  Non-Supported Specimens

Sixteen fatigue precracked and side-grooved Charpy-type specimens were tested at
room temperature for the as-built, non-supported condition, 4 for each of the following scan
lengths: 28 mm, 56 mm, 70 mm, and 84 mm.

The results obtained from the EC and NDR techniques are provided in Table 3, with
average values and standard deviations (o). None of the measured Jg values could be validated
as plane-strain fracture toughness Jic in accordance with ASTM E1820-18a¢! (the reasons for
invalidity are indicated in the Table).

J-Aa data points and J-R curves are compared in Fig. 3 (scan length = 28 mm), Fig. 4
(56 mm), Fig. 5 (70 mm), and Fig. 6 (84 mm).

For several of the tests performed, significant “crack jumps” (large crack advances
between two consecutive unloading/reloading cycles) were observed, corresponding to
unstable ductile tearing events. The occurrence of these “jumps’ was more frequent for shorter
scan lengths (Fig. 3 and Fig. 4), causing very low values of tearing modulus for those tests
(between 0.1 MPa and 5 MPa).

Table 3 — Results obtained on as-built (A), non-supported (N) specimens.

Methodology Elastic Compliance Normalization Data Reduction
Specimen Scan Jo Invalidity Twmaio  Tmmean Jo Invalidity Twmaio  Twmmean
id length (mm) | (kJ/m?)  causes (MPa) (MPa) | (kJ/m?)  causes (MPa) (MPa)
AN-8-1 89.59 c,f.g 3.81 2.25 67.84 e 8.64 5.25
AN-8-2 28 88.10 c,d,f.g 5.47 3.25 72.83 e 11.17 6.91
AN-8-3 102.80 c,d,f.g 1.73 1.01 71.60 e 11.93 7.42
AN-8-4 92.45 c,f 3.52 2.08 69.94 e 10.33 6.36
Average 93.23 - 3.48 2.06 70.55 - 10.52 6.49
Standard deviation 6.630 - 1.458 0.872 | 2.159 - 1.413 0.932

9 Values measured for scan length = 78 mm (only value of scan length investigated).



Methodology Elastic Compliance Normalization Data Reduction

Specimen Scan Jo Invalidity Twmao  Tmmean Jo Invalidity Twmaio  Twmmean
id length (mm) | (kJ/m?)  causes (MPa) (MPa) | (kJ/m?  causes (MPa) (MPa)
AN-6-1 95.93 cf 2.07 1.21 70.11 e 10.75 6.65
AN-6-2 56 90.37 c,d,f.g 0.57 0.33 70.49 e 8.23 5.00
AN-6-3 88.32 cf 4.21 2.49 73.26 e 7.96 4.82
AN-6-4 96.24 c,f 0.10 0.06 70.77 e 9.29 5.68
Average 92.71 - 1.74 1.02 71.16 - 9.06 5.54
Standard deviation 3.981 - 1.850 1.096 1.430 - 1266 0.828
AN-5-1 142.32 c,d 6.60 3.97 102.33 e 18.77 11.99
AN-5-2 70 134.41 C 6.86 412 99.91 e 15.78 9.92
AN-5-3 130.78 C 8.65 5.23 101.31 e 16.81 10.62
AN-5-4 126.95 C 9.66 5.87 92.09 e 17.28 11.01
Average 133.61 - 7.94 4.80 98.91 - 17.16  10.89
Standard deviation 6.554 - 1463 0.908 4.654 - 1.245 0.867
AN-4-1 101.99 cd 411 2.43 94.93 e 10.01 6.10
AN-4-2 84 135.18 c,d 13.47 8.31 104.49 e 22.76 14.90
AN-4-3 130.02 C 17.31 10.86 98.70 e 24.37 16.23
AN-4-4 117.36 C 2.93 1.73 85.13 e 16.97 10.86
Average 121.14 - 9.45 5.83 95.81 - 18.53 12.02
Standard deviation 14.797 - 7.046  4.464 8.134 - 6.509 4.560

LEGEND - Invalidity causes: ¢ — Correlation coefficient of the fit used to calculate agq < 0.96.

d — One or more individual values of initial crack size, estimated from
unloading/reloading sequences in the elastic range of the test, differ from the
mean by more than £0.002 W.

e — Final crack extension larger than 15 % of the initial uncracked ligament.

f — Number of data points inside region of qualified data < 5.

g — Distribution of data points inside the region of qualified data invalid (see
ASTM E1820 section A9.6.4).

150

125

100

75

J-integral (kJ/m?2)

50

© AN-8-1
= AN-8-2

25
¢ AN-8-3

A AN-8-4

0 0.5 1 15 2 25 3 3.5

Crack extension (mm)

Fig. 3 — Data points and J-R curves for as-built, non-supported specimens (scan length = 28
mm). J-R curves were obtained by fitting data points lying between dashed lines.
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The J-R curves obtained for the different scan lengths are compared in Fig. 7
(individual curves) and Fig. 8 (mean curves with errors corresponding to one standard
deviation, 1c). We observe that fracture toughness is higher for the longest scan lengths (70
mm and 84 mm), both in terms of Jo and tearing modulus (slope of the J-R curve). The longest
scan length (84 mm) exhibits the largest scatter, while the shortest (28 mm) shows the smallest.
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Fig. 7 — Individual J-R curves for as-built, non-supported specimens.
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Mean values of Jg and Twm,mean, With 1o error bars, are plotted in Fig. 9 as a function

of scan length.
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Test details for each of the tests performed on as-built, non-supported specimens are
provided in Annex 1.

4.2.  Supported Specimens

Sixteen fatigue precracked and side-grooved Charpy-type specimens were tested at
room temperature for the as-built, supported condition, 4 for each of the following scan
lengths: 28 mm, 56 mm, 70 mm, and 84 mm.

The results obtained from the EC and NDR techniques are provided in Table 4, with
average values and standard deviations. None of the measured Jg values could be validated as
plane-strain fracture toughness Jic in accordance with ASTM E1820-18a:* (the reasons for
invalidity are detailed in the Table).

Table 4 — Results obtained on as-built (A), supported (S) specimens.

Specimen Scan Ja Invalidity , T mean Ja Invalidity Tmae  Tmmean
id length (mm) causes (kd/m?) causes (MPa) (MPa)
AS-8-1 92.11 c,d 6.74 4.04 77.88 e 5.81 3.47
AS-8-2 28 97.52 C 8.04 4.85 74.14 e 9.74 5.97
AS-8-3 93.63 a,c 7.92 4,77 77.44 e 7.99 4.84
AS-8-4 86.14 cd 12.13 7.51 78.01 e 7.74 4,68
Average 92.35 - 8.71 5.29 76.87 - 7.82 4,74
Standard deviation 4.724 - 2359 1523 1.836 - 1612 1.025
AS-6-1 80.44 c,d 5.86 3.50 65.95 e 6.00 3.60
AS-6-2 56 92.07 a,cd 6.38 3.82 76.68 e 7.57 4,57
AS-6-3 102.30 c,d,f 2.32 1.37 65.10 e 7.10 4.29
AS-6-4 86.21 c,fg 4.60 2.73 71.06 e 5.48 3.27
Average 90.25 - 4.79 2.85 69.70 - 6.54 3.93
Standard deviation 9.329 - 1.806 1.092 5.349 - 0.962 0.602
AS-5-1 124.02 C 9.07 5.50 97.53 e 14.51 9.10
AS-5-2 70 136.63 cd 13.65 8.44 90.92 e 20.40 13.40
AS-5-3 128.79 C 13.84 8.57 90.61 e 18.29 11.82
AS-5-4 122.00 cd 12.76 7.87 84.29 e 17.89 11.61
Average 127.86 - 12.33 7.60 90.84 - 17.77 11.48
Standard deviation 6.505 - 2.224 1.430 5.405 - 2.437 1.779
AS-4-1 124.65 c 15.77 9.87 74.82 e 17.09 10.55
AS-4-2 84 127.38 C 9.93 6.05 89.69 e 17.49 11.27
AS-4-3 112.93 cf 5.61 3.35 45.09 e 12.81 8.56
AS-4-4 129.60 cf 8.18 4,95 72.25 e 15.04 9.68
Average 123.64 - 9.87 6.05 70.46 - 15.61 10.01
Standard deviation 7.422 - 4,313 2.775 18.582 - 2.151 1.169

LEGEND - Invalidity causes: a— Predicted initial crack size (agq) differs from the measured value (ag) by more

than £0.5 mm.

¢ — Correlation coefficient of the fit used to calculate aoq < 0.96.

d — One or more individual values of initial crack size, estimated from
unloading/reloading sequences in the elastic range of the test, differ from the
mean by more than £0.002 W.

e — Final crack extension larger than 15 % of the initial uncracked ligament.

f — Number of data points inside region of qualified data < 5.

g — Distribution of data points inside the region of qualified data invalid (see
ASTM E1820 section A9.6.4).
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J-Aa data points and J-R curves are compared in Fig. 10 (scan length =28 mm), Fig. 11

(56 mm), Fig. 12 (70 mm), and Fig. 13 (84 mm).
The J-R curves obtained for the different scan lengths are compared in Fig. 14

(individual curves) and Fig. 15 (mean curves with £1c error bars). The general trends for
supported specimens as a function of scan length confirm those observed for non-supported

specimens:

e Fracture toughness (initiation and crack resistance) tends to decrease with scan length.
However, closer examination of Fig. 15 reveals an “inversion” for the two longer and
the two shorter scan lengths: 70 mm is tougher than 84 mm and 28 mm is tougher than
56 mm. Nonetheless, the differences cannot be considered statistically significant,
since in both cases the 1o bars overlap.

e The same qualitative trend is observed for the variability, visually indicated by the
magnitude of the +1c bars in Fig. 15: shorter scan lengths (28 mm and 56 mm) have
less scatter between the individual J-R curves than the longer scan lengths (70 mm and

84 mm).
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Fig. 10 — Data points and J-R curves for as-built, supported specimens (scan length =
28 mm). J-R curves were obtained by fitting data points lying between dashed lines.
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Fig. 11 — Data points and J-R curves for as-built, supported specimens (scan length =
56 mm). J-R curves were obtained by fitting data points lying between the dashed lines.
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Fig. 12 — Data points and J-R curves for as-built, supported specimens (scan length =
70 mm). J-R curves were obtained by fitting data points lying between the dashed lines.
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Fig. 13 — Data points and J-R curves for as-built, supported specimens (scan length =
84 mm). J-R curves were obtained by fitting data points lying between the dashed lines.
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Fig. 15 — Mean J-R curves with errors (x1c) for as-built, supported specimens.

As in the case of non-supported specimens (Figs. 3-6), crack jumps are observed for
most of the tests performed, negatively affecting the overall crack resistance (tearing moduli)
of the specimens.

Mean values of Jo and Twm mean, With 1o error bars, are plotted in Fig. 16 as a function
of scan length.
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Fig. 16 — Mean values of Jg and Twm,mean as a function of scan length for as-built, supported
specimens. NOTE: scan lengths are slightly staggered for visual clarity.
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Test details for each of the 16 tests performed on as-built, supported specimens are
provided in Annex 2.

5. Test Results — Classic HIP Condition

5.1.  Non-Supported Specimens

Eleven fatigue precracked and side-grooved Charpy-type specimens were tested at
room temperature for the classic HIP, non-supported condition. Three scan lengths were
chosen: 28 mm (3 tests), 70 mm (5 tests), and 84 mm (3 tests).

The results obtained from the EC and NDR techniques are provided in Table 5, with
average values and standard deviations. None of the measured Jg values could be validated as
plane-strain fracture toughness Jic in accordance with ASTM E1820-18a%* (the reasons for
invalidity are detailed in the Table).

Three of the tests could not be analyzed by means of the NDR technique, since the
analysis did not converge.

Table 5 — Results obtained on classically HIPed (C), non-supported (N) specimens.

Specimen Scan Jo Invalidity Twmao  Tmmean Jo Invalidity Twmaio  Tmmean
id length (mm) | (kJ/m?) causes (MPa) (MPa) | (kJ/m?  causes (MPa) (MPa)
CN-8-1 129.04 c 10.84 6.60 95.80 e 19.30 12.31
CN-8-2 28 161.98 cf 6.79 4.10 110.81 e 23.64 15.30
CN-8-3 163.82 c,d 10.95 6.69 107.66 e 26.11 17.17
Average 151.61 - 9.53 5.80 104.76 - 23.01 14.93
Standard deviation 19.571 - 2.370 1471 7.913 - 3.446  2.452
CN-5-1 181.13 C 14.82 9.18 N/A N/A N/A N/A
CN-5-2 184.05 C 13.27 8.18 N/A N/A N/A N/A
CN-5-3 70 169.96 c,d 6.83 4.13 129.97 e 22.78 14.63
CN-5-4 196.84 C 15.77 9.81 169.65 e 23.93 15.30
CN-5-5 181.24 C 14.74 9.13 122.26 e 29.19 19.48
Average 182.65 - 13.09 8.09 140.62 - 25.30 16.47
Standard deviation 9.602 - 3.759 2.288 | 25.427 - 3.417  2.629
CN-4-1 176.29 b,d 9.73 5.93 125.57 e 23.61 15.28
CN-4-2 84 161.37 C 14.30 8.84 106.64 e 32.07 22.29
CN-4-3 135.34 cd 8.80 5.33 N/A N/A N/A N/A
Average 157.67 - 10.94 6.70 116.51 - 27.84 18.78
Standard deviation 20.725 - 2944 1.878 | 13.230 - 5.985 4.956

LEGEND - Invalidity causes: b — Number of data points available to calculate aoq < 8.

c — Correlation coefficient of the fit used to calculate aoq < 0.96.

d — One or more individual values of initial crack size, estimated from
unloading/reloading sequences in the elastic range of the test, differ from the
mean by more than £0.002 W.

e — Final crack extension larger than 15 % of the initial uncracked ligament.

f — Number of data points inside region of qualified data < 5.

N/A = not available.

J-Aa data points and J-R curves are compared in Fig. 17 (scan length = 28 mm), Fig. 18
(70 mm), and Fig. 19 (84 mm).
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The J-R curves obtained for the different scan lengths are compared in Fig. 20
(individual curves) and Fig. 21 (mean curves with 1o error bars). The 70 mm scan length
provides the highest values of Jo and tearing moduli, while the least tough condition
corresponds to the smallest scan length (28 mm). There is, however, ample overlapping of the

respective +1c error bars.
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Fig. 17 — Data points and J-R curves for classically HIPed, non-supported specimens (scan
length = 28 mm). J-R curves were obtained by fitting points lying between dashed lines.

300

250
200

150 [

J-integral (kJ/m?)

100

50

0
2 25

0 0.5 1 1.5
Crack extension (mm)

Fig. 18 — Data points and J-R curves for classically HIPed, non-supported specimens (scan
length = 70 mm). J-R curves were obtained by fitting points lying between the dashed lines.
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Fig. 19 — Data points and J-R curves for classically HIPed, non-supported specimens (scan
length = 84 mm). J-R curves were obtained by fitting points lying between the dashed lines.
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Fig. 20 — Individual J-R curves for classically HIPed, non-supported specimens.
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Mean values of Jq and Tm mean, With 1o error bars, are plotted in Fig. 22 as a function

of scan length.
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Although a tendency for both Jq and Twm,mean to increase with scan length is visible in
Fig. 22, in both cases a t-statistic regression test shows no statistical evidence of a slope
different than zero (i.e., no evidence of a relationship between toughness and scan length) at a
significance level of 5 %.

Test details for each of the 11 tests performed on classically HIPed, non-supported
specimens are provided in Annex 3.

5.2.  Supported Specimens

Three fatigue precracked and side-grooved Charpy-type specimens were tested at room
temperature for the classic HIP, supported condition. Only one scan length was considered: 84
mm.

The results obtained from the EC and NDR techniques are provided in Table 6, with
average values and standard deviations. None of the measured Jg values could be validated as
plane-strain fracture toughness Jic in accordance with ASTM E1820-18a%! (the reasons for
invalidity are detailed in the Table).

J-Aa data points and J-R curves are compared in Fig. 23.

Test details for each of the 3 tests performed on classically HIPed, supported specimens
are provided in Annex 4.

Table 6 — Results obtained on classically HIPed (C), supported (S) specimens.

Methodology Elastic Compliance Normalization Data Reduction

Specimen Scan Jo Invalidity Twmao  Tmmean Jo Invalidity Twmaio  Tmmean
id length (mm) | (kJ/m?) causes (MPa) (MPa) | (kJ/m?  causes (MPa) (MPa)
CS-4-1 190.29 c 1835 1150 | 121.36 e 30.45  20.53
CS-4-2 84 156.38 C 16.63 10.36 | 170.07 e 19.29 12.13
CS-4-3 185.65 c,d 16.74  10.44 | 200.67 e 27.08 17.46
Average 177.44 - 17.24  10.77 | 164.03 - 25.61 16.71
Standard deviation 18.385 - 0.963 0.636 | 39.998 - 5.724  4.250

LEGEND - Invalidity causes: ¢ — Correlation coefficient of the fit used to calculate agq < 0.96.
d — One or more individual values of initial crack size, estimated from
unloading/reloading sequences in the elastic range of the test, differ from the
mean by more than £0.002 W.
e — Final crack extension larger than 15 % of the initial uncracked ligament.
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Fig. 23 — Data points and J-R curves for classically HIPed, supported specimens (scan length
= 84 mm). J-R curves were obtained by fitting points lying between the dashed lines.

6. Test Results — Super-B Transus HIP, Non-Supported Condition

Four fatigue precracked and side-grooved Charpy-type specimens were tested at room
temperature for the super-f transus HIP, non-supported condition. Only one scan length

(70 mm) was investigated.

For this material condition, clearly visible crack “jumps” between consecutive
unloadings were observed, occurring soon after the onset of plastic deformation in the
specimens. For all tests, the number of data points falling inside the region of qualified data
(bounded by the exclusion lines with offset 0.15 mm and 1.5 mm) was less than the minimum

(5) required by ASTM E1820. Specifically, three tests had just one point between the exclusion
line, while the fourth (BN-5-2) had none. It’s therefore impossible to derive meaningful values

of Jo or tearing modulus.
However, for the three tests that had at least one data point inside the region of qualified
data, we obtained rough engineering estimates of EC initiation toughness by ignoring the
second exclusion line (offset = 1.5 mm) and fitting all data points to the right of this line (i.e.,
the fit included points with Aa > Aaiimit). Such engineering estimates are indicated by J5 ¢s¢) I
Table 7, where an approximate value of 0 MPa (indicating negligible crack resistance) was
attributed to all corresponding values of EC tearing modulus. All NDR results in Table 7, on
the other hand, are acceptable in accordance with ASTM E1820 Annex A15, except for

violating the crack extension limit (15 % of the initial ligament size).
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Table 7 — Results obtained on super- transus HIPed, non-supported specimens.
Normalization Data Reduction

Methodology Elastic Compliance \

Specimen Scan Joesy | Tmjoesty | TMmeanest) Jo Invalidity Tmio  Tmmean

id length (mm) | (kJ/m?) (MPa) (MPa) (kJ/m?) causes (MPa) (MPa)
BN-5-1 ~ 64 ~0 ~0 53.05 e 3.18 1.88
BN-5-2 70 N/AP N/A N/A 53.68 e 5.95 3.59
BN-5-3 ~70 ~0 ~0 46.94 e 4.41 2.63
BN-5-4 ~ 76 ~0 ~0 51.93 e 6.17 3.74
Average 51.40 - 4.93 2.96
Standard deviation 3.060 - 1.404 0.872

LEGEND - Invalidity causes: e — Final crack extension larger than 15 % of the initial uncracked ligament.

The J-Aa data points obtained from the EC analyses are shown in Fig. 24.

Test details for each of the 4 tests performed on super- transus HIPed, non-supported
specimens are provided in Annex 5.
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Fig. 24 — Data points obtained from the EC analyses for super-f transus HIPed,
non-supported specimens (scan length = 70 mm).

10 No data points inside the region of qualified data.
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7. Discussion

7.1.  Non-supported vs. supported
For the as-built and classic HIP conditions, direct comparisons can be made between
fracture toughness results obtained from non-supported and supported specimens for the same
scan length.

Average values of Jo, Tm,ig, and Tmmean are summarized, with standard deviations, in
Table 8, Fig. 25 (Jg), Fig. 26 (Tm,10), and Fig. 27 (Tm,mean)-

Table 8 — Comparison between fracture toughness of non-supported and supported

specimens.
Material  Scan length Non-supported Jo Twmaq Twm,mean
condition (mm) Vvs. supported (kJ/m?) (MPa) (MPa)
28 Non-supported | 93.23+6.630 | 3.48+1.458 | 2.06+0.872
Supported 92.35+4.724 | 871+£2.359 | 5.29+ 1523
56 Non-supported 92.71 £ 3.981 1.74+1.850 | 1.02+1.096
As-built Supported 90.25+9.329 | 479+1.806 | 2.85+1.092
70 Non-supported | 133.61+6.554 | 7.94+1.463 | 4.80+ 0.908
Supported 127.86 £6.505 | 12.33+2.224 | 7.60 +1.430
Non-supported | 121.14 +14.797 | 9.45+7.046 | 5.83+4.464
84 Supported 123.64+7.422 | 9.87+4.313 | 6.05+2.775
Classic HIP Non-supported | 157.67 £20.725 | 10.94 £2.944 | 6.70 + 1.878
Supported 177.44 +18.385 | 17.24 £ 0.963 | 10.77 + 0.636
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Fig. 25 — Critical toughness values for non-supported and supported specimens, with £1c
error bars.
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Fig. 27 — Mean values of tearing modulus for non-supported and supported specimens, with
+1c error bars. Orange boxes indicate cases where the bars to not overlap.

Unpaired t-tests were conducted to assess the statistical significance of the differences

observed between non-supported and supported mean values of Jg, Tm,q, and Tm,mean for the
different conditions. The results are summarized in Table 9 in terms of p value.
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The influence of the type of support is negligible for initiation toughness values (Fig.
25), while differences in tearing moduli were found to be significant for three of the examined
conditions (outlined by dashed boxes in the figures), where the £1c bars do not overlap (Figs.
26 and 27). In general, supported specimens tend to provide higher crack resistance.

Table 9 — Results of unpaired t-tests on the differences between non-supported and
supported mean values (significance level = 0.05). p-values < 0.05 (green) indicate that
differences are not statistically significant; p-values > 0.05 (red) indicate that differences are
statistically significant.

Material  Scan length p-value
condition (mm) Jo ] TwmaQ ] T mean
28 0.84 | 0.01 0.01
. 56 0.64 | 0.06 0.06
As-built 70 0.26 | 0.02 | 0.02
84 0.77 | 0.92 0.94
Classic HIP 0.28 | 0.02 0.02

7.2.  Influence of scan length

The effect of scan length on fracture toughness test results has already been addressed
in the Results section for the different material conditions. In this section, we summarize the
influence of scan length on specific fracture parameters (measured with the EC technique) for
the conditions investigated: Jo in Fig. 28, Tm,iq in Fig. 29, and Tm,mean in Fig. 30.

200
28 mm }
175 K 84 mm
L 70 mm
150 |
&'\ L
S [ % % %
S 125 | }
5 L
o I
- I 56 mm
100 | %; ;
} e As-built, non-supported
sor a As-built, supported
I ® Classic HIP, non-supported
50 —

20 30 40 50 60 70 80 90
Scan length (mm)

Fig. 28 — Mean values of Jq as a function of scan length. NOTE: scan lengths for as-built
specimens are slightly staggered for clarity.
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Fig. 29 — Mean values of Twm g as a function of scan length. NOTE: scan lengths are slightly
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Fig. 30 — Mean values of Tmmean as a function of scan length. NOTE: scan lengths are

slightly staggered for clarity.

We performed analyses of residuals (ANOVA) on the correlations between scan length
and toughness parameters, which revealed no statistically significant correlation for any of the
investigated conditions (P > 0.05). Fig. 28 also provides confirmation that the type of support
has a negligible influence on initiation toughness for the as-built material.
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7.3.  As-built vs. HIP (classic and super-f transus)

Based on the test matrix of this investigation (Table 1), there is only one specimen
condition (non-supported, scan length = 70 mm) that allows comparing as-built, classic HIP
and super-f transus HIP in terms of initiation toughness Jg. (Fig. 31). As stated in Section 6,
Jo values for the super-f transus HIP are just engineering estimates, since a regular E1820
analysis could not be performed due to the occurrence of significant “crack jumps”.

Comparisons between as-built and classic HIP can be made for non-supported
specimens with three scan lengths: 28 mm, 70 mm, and 84 mm (Figs. 32-34).

The classic HIP treatment (2 h, 900 °C, 100 MPa) increases initiation toughness with
respect to the as-built condition, whereas its effect on crack resistance is less clear, and seems
to depend on scan length. The super- transus HIP treatment (2 h, 1050 °C, 100 MPa followed
by additional HIP — 2 h, 800 °C, 30 MPa) appears to have a deleterious effect on the material’s
fracture toughness, primarily due to the occurrence of episodes of tearing instability.

200
175 |
150
125 |

100

Jq (kJ/m?)

75 |
s0 |

s f

As-built Classic HIP Super-beta transus HIP

Fig. 31 — Mean values of Jg with £1c error bars for non-supported specimens with scan
length = 70 mm. NOTE: the value for super-3 transus HIP is a rough engineering estimate.
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Fig. 32 — Mean values of Jg with £1c error bars for non-supported specimens with 28 mm,
70 mm, and 84 mm scan lengths.
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Fig. 33 — Mean values of Twm g with 1o error bars for non-supported specimens with 28
mm, 70 mm, and 84 mm scan lengths.
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7.4.  Crack jumps and lack-of-fusion (LoF) pores

In an elastic compliance test, which is commonly performed in actuator displacement
(“stroke™) control, unloading/reloading cycles are equally spaced at regular displacement
intervals. In most cases, this corresponds to approximately equally spaced crack size (or crack
extension) values. However, for materials subject to the occurrence of significant “crack
jumps”, this doesn’t hold true anymore.

An example of such behavior is given in Fig. 35, where force and predicted crack size
data are plotted as a function of CMOD for specimen BN-5-1 (super-f transus HIP,
non-supported, scan length = 70 mm). The two largest increments of crack size are marked in
the figure, corresponding to drops of the applied force after reaching its maximum values.

These force drops and crack size increments correspond to episodes of unstable ductile
crack growth, which are commonly denominated “tearing instabilities” [10,18-21].

The most common cause of tearing instabilities in fracture toughness specimens is the
presence of large microstructural features (defects) encountered by the crack while propagating
through the ligament. Another possible cause is the presence of residual stresses in the material.

In the preliminary fracture toughness investigation of AM Ti64 documented in [6], we
observed the presence of large lack-of-fusion (LoF) pores on the fracture surface of some of
the specimens tested, caused by improper or incomplete fusion among layers and hatches
during the AM process [22-24]. LoF is detrimental for the mechanical properties of the AM
part, and is often the cause for rejection [5]. LoF pores, when exposed to the surface, cannot
be healed by HIPing, since the Ar gas enters the part via those pores.
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Fig. 35 — Force and crack size vs. CMOD for specimen BN-5-1. NOTE: unloading/reloading
cycles have been removed from the force/CMOD plot for clarity.

4.5

In [6], we associated LoF to the large scan length used (84 mm), and stated that the
presence of such defects can be avoided by using shorter scan lengths [5]. Such statements
were confirmed by the present investigation, insofar as 79 % (11 out of 14) of the specimens
corresponding to the longest scan length (84 mm) exhibited various amounts of LoF porosity.
In some cases (Fig. 36a), LoF pores are spread all over the fracture surface; in other cases,
(Fig. 36b), only a few pores are observed, and they are not located on the path of crack
propagation.

Fig. 36 — Fracture surfaces of specimens AS-4-2 (high density of LoF pores) and AS-4-3
(low density of LoF pores). Material condition: as-built, supported, scan length = 84 mm.
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The number/density of LoF pores does not appear to have a direct relationship with
fracture toughness properties: namely, in reference with the two examples of Fig. 36, the
specimen with the highest LoF density (AS-4-2, Fig. 36a) does not correspond to the lowest
J-R curve in Fig. 13, and the specimen with the lowest LoF density (AS-4-3, Fig. 36b) does
not correspond to the highest J-R curve, but actually to the lowest.

The real cause(s) of crack jumps and the true driving factor(s) that influence fracture
toughness in AM Ti64 will require further investigations of the different material conditions.

7.5.  Validity of the measured fracture toughness parameters

ASTM E1820-18a% provides many requirements that need to be fulfilled for the test
results to be considered valid, i.e., corresponding to the elastic-plastic fracture toughness of the
tested material (not just the tested specimen). In other words, fulfilling all the requirements
guarantees that the measured Jg and J-R curve are size-independent material properties.

The requirements can be classified in the following categories:

e Estimate of initial crack size (section 8.6.3.1): at the very beginning of the test, the standard
requires performing at least three unloading/reloading cycles over a force range of 0.5 to
1.0 times the final maximum precracking force. The corresponding estimates of initial
crack size, aoq, must not differ from the mean by more than +0.002 W (for the specimens
tested, specimen width is W = 10 mm, and therefore the tolerance becomes +0.02 mm).

e Comparison between predicted and measured crack extension (section 9.1.5.2): the
difference between the total crack extension predicted by the EC method at the last
unloading, Aapred, and the optical measurement on the fracture surface, Aapred, Mmust not
differ by more than £0.03 bo (for the specimens tested, initial ligament size bo ~5 mm, and
the tolerance becomes £0.15 mm). Note: as mentioned in section 3, all predicted crack
sizes were adjusted by means of EqQ. (2), hence this requirement does not apply.

e Adjustment of the predicted initial crack size, aoq (Section A9.3.3): the revised value of agq
to be used for analysis is obtained by fitting all data points before maximum force by means
of the following equation:

a:a0q+2{Ty+B]2+C]3 , 3)

where the coefficients, including aoq, are found using a least squares fit procedure. The
following requirements have to be met:

a. the number of fitted points must be at least 8;

b. three of the fitted data points must lie between 0.4 Jq and Jg;

c. the correlation coefficient of the fit must be at least 0.96;

d. aoq must match the measured initial crack size, ao, within £0.5 mm.

e Establishment of the J-R curve and calculation of Jo (sections A9.6.4, A9.6.6.6, and
A9.9.1): the J-R curve is obtained by fitting data points inside a qualified data region by
means of the following power law relationship:

] =CAa% 4)

where the coefficients are found using a least squares fit procedure. The following
requirements must be met:
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a. the distribution of data points inside the region of qualified data must follow the
prescriptions of section A9.6.4;

b. the number of data points to be fitted inside the region of qualified data must be at
least 5 (section A9.6.6.6);

c. the exponent C; in Eq. (4) must be less than 1.0 (section A9.9.1).

e Qualification of Jg as Jic (section A9.10): the calculated value of Jg is qualified as Jic if
both specimen thickness, B, and initial ligament size, bo, are bigger than 10(]7—0 :
Y

None of the 50 tests performed in this investigation fulfilled all the requirements listed
above. Excluding the 4 specimens with super-f transus HIP, which could not be analyzed in
accordance with E1820, the specific statistics were:

— 17 specimens (46 %) failed the requirement on the initial estimate of ap (1).

— 1 specimen (2 %) failed the requirement on the minimum number of points in the aoq
fit (3a).

— 45 specimens (98 %) failed the requirement on the correlation coefficient of the aoq fit

(3c).

— 2 specimens (4 %) failed the requirement on the difference between ao and aoq (3d).
— 5 specimens (11 %) failed the requirement on the distribution of qualified data points

(4a).

— 5 specimens (11 %) failed the requirement on the minimum number of qualified data
points (4b).

— The following requirements were fulfilled by all specimens tested: minimum number
of data points between 0.4 Jg and Jo (3b); power law exponent, C», lower than 1.0 (4c);

requirements to qualify Jo as Jic based on the specimen dimensions (W and bo) (5).

From the list provided above, it can be noted that the two most violated requirements
(46 % and 98 % respectively) both concern the estimation/prediction of the initial crack size.
However, only 4 % of the specimens failed to acceptably predict the measured ao, and therefore
the starting point of the analyses can be considered substantially reliable for the majority of
the tests.

Conversely, other requirements that can be deemed more substantial in determining the
soundness of the J-R curves obtained, and therefore of the corresponding critical values, such
as number and distribution of the qualified data points, power law exponent, size independence
of Jo, were satisfied by all, or nearly all, specimens tested.

Therefore, based on the authors’ experience and the reasoning expressed above, the EC
results obtained in the present study provide a reliable characterization of the fracture
toughness of AM Ti64 in the investigated conditions (with the exception of super- transus
HIP).

As far as the NDR analyses are concerned, Annex A15 of ASTM E1820-18a¢* limits
crack extension to no more than the lesser of 4 mm and 15 % of bo (in this study, this limit
corresponds to Aapmax & 0.75 mm). For the 50 specimens tested, total crack extension ranged
from 1.05 mm (21.1 % of bg) and 3.97 mm (79.3 % of hg), and therefore none of the tests could
be in principle analyzed in accordance with the standard.

Historically, when Annex A15 was added to E1820 in the 2001 version, this
requirement was set equal to the crack extension capacity for the determination of the J-R
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curve, Aamax. Later, Aamax Was increased from 0.15-bo to 0.25-bg, based on additional research
performed, but the requirement for NDR remained unchanged. It is however reasonable to
assume that this requirement could be increased to 25 % of bo without loss of accuracy [25].
In this case, only 3 tests (specimens CN-4-2, CN-5-1, and CN-5-2) could be considered valid.

Since the ORNL software allowed to run the NDR analyses irrespective of the total
crack extension, we decided to analyze of all tests performed, also because the real crack
extension limit is still under discussion within the responsible ASTM sub-committee
(E08.07.06).

7.6.  Elastic Compliance vs. Normalization Data Reduction

It being understood that EC is the reference technique in this study and NDR was added
as a secondary analysis approach (and its results might be questionable due to excessive crack
extension), we compared the fracture toughness parameters (Jo, Tm,Q, and Tmmean) Obtained
from the two methodologies in Fig. 37, Fig. 38, and Fig. 39 respectively. The comparison was
effectively possible on 43 tests, since for 3 specimens the NDR analysis did not converge
(CN-4-3, CN-5-1, and CN-5-2) and for the 4 tests on super-f transus HIPed specimens (Table
7) the EC analysis only provided engineering estimates of the fracture parameters.
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Fig. 37 — Comparison between values of critical fracture toughness, Jo, obtained from EC
and NDR analyses.
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Despite significant scatter, general trends are quite clear in Figs. 37-39:

e Jo values from NDR were lower than from EC for all tests (except two), with an average
ratio Jonory/JoEc) = 0.75 £ 0.12.

e Twmao values from NDR were higher than from EC for all tests (except three), with an
average ratio Twm,onor)y Tm,JoEc) = 4.55 £ 13.91.

e  Twmmean Values from NDR were also higher than from EC for all tests (except three), with
an average ratio Tm,onor)/ Tm,iqEc) = 4.78 + 14.62.

In summary, NDR analyses appear to provide generally lower initiation toughness and
higher crack resistance (steeper J-R curves).

Such differences are not consistent with information available from some early NDR
references [13-15], which showed good to excellent agreement between EC and NDR J-R
curves. In 2013, a large database of 348 J-R curve tests on C(T) and SE(B) specimens,
performed at SCK*CEN (the Belgian Nuclear Center) and analyzed by means of three different
single-specimen techniques (EC, NDR, and EPD — electric potential difference), was presented
at an ASTM Special Technical Meeting on Use of Potential Drop in Elastic-Plastic Fracture
Toughness Testing [26]. Based on the presentation and only considering tests on SE(B)
specimens, Jo/Jic values from NDR were on the average 5 % higher than from EC, while
tearing modulus at initiation (Twm,q) from NDR was on the average 31 % lower than from EC.
For both parameters, however, scatter bands were huge (ratio NDR/EC: 0.59 — 7.14 for Jg,
0.34 — 3.46 for Twm,19).
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7.7.

7.7.1. Non-AM Ti64

Comparison with literature fracture toughness values

Room temperature fracture toughness values for non-AM Ti64 were collected from the
literature [27-36] and compared to the results obtained in this investigation in Table 10.

Table 10 — Literature fracture toughness values for non-AM Ti64, and results obtained on
AM Ti64 in this investigation.

Reference Material form/condition Reported toughness Remarks
. . C(T) specimens 10 mm-25.4
Tobler, 1976 1 m diameter hemisphere, 51 _ - .
27] mm wall thickness: forging Ko = 77.5 MPavm — 94.0 MPavm mm thick, various
orientations
Forged and annealed plate, _ . 1.
Munz et al. thickness = 44 mm Ko = 58.0 MPaym — 92.7 MPaym SES(EB()Bs)pecmens, w\/:/a/é 1-6
1976 [28] Rolled and annealed plate, Specimens, =
thickness = 82 mm Ko = 43.5 MPaym — 83.5 MPaym 1-20
Kishi et al., S _ C(T) specimens,
1980 [29] Rolled plate, 1 in. thick Kic = 40.0 MPavm — 71.9 MPavm B =7mmor 20 mm
Rhodes et al., _ Precracked Charpy
1982 [30] a/p processed, quenched Ko = 53 MPavm — 75 MPavm specimens
Niinom et al Rolled blate 12 mm thick Ko = 68.8 MPaym — 90.6 MPaym oM speci 10
iinomi et al., olled plate 12 mm thick, _ 5 5 specimens, 10 mm
1988 [31] various HT Jiepp) = 19.6 kJ/m?—55.3 kJ/m thick
Tmaq = 2.5 MPa— 19 MPa
_ As-cast Kic = 107 MPavm
Donac[g'ze]’ 2000 Cast + HIP Kic = 109 MPavm
Wrought p-annealed Kic = 91 MPavm
Peters et al., . _
2001 [33] Forging Kic = 66 MPavm
Jo = 60 kI/m? Miniature (KLST)
MarrB/ "1]2004 Rod, diameter = 150 mm Q_ J precracked Charpy
Ko =88 MPavm specimens
Salem et al., o/p forged plate, 3.5 in. thick _ :
2008 [35] (1970) Ko = 78 MPavm — 101 MPavm Mill annealed
Feng et al., As-cast cylinder Ko = 83 MPavm — 86 MPavm C(T) specimens, 15 mm
2013 [36] Cast and HIPed cylinder Ko = 93 MPavm — 97 MPaym thick
. As-built AM Ti64 Kiq!! = 108 MPavm — 131 MPaym Scan lengths = 28 mm to
This study

Classically HIPed AM Ti64

Kig = 140 MPavm — 154 MPavm

84 mm

The results obtained in this study are higher than the values reported in the literature,
particularly in the HIPed condition.

1 The value of stress intensity factor Kjq corresponding to a Jq value is given by K;, = ./J, - E , where E is the
Young’s modulus at the test temperature.
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7.7.2. AMTi64

Some literature references were identified, presenting fracture toughness results on AM
Ti64 specimens manufactured according to procedures similar to the ones used in this
investigation.

Fracture toughness results were reported by Lewandowski and Seifi in a review of
mechanical properties of various additively manufactured metallic materials [37]. The values
presented in Table 10 were obtained for electron beam melting (EBM) manufactured Ti64,
mostly in as built condition, in different orientations, and for different machine types.

Table 11 — Literature fracture toughness values for AM Ti64 reported in [37] and results
obtained in this investigation.

»
onaiuo eported toug
ne

Arcam Al As built Ko = 102 MPavm — 110 MPavm
. N N C(T)
Arcam As built Kq =78 MPavm — 97 MPavm | spacimens
HIPed Ko = 83 MPavm — 99 MPavm
Arcam A2 As built Ko = 65 MPavm — 100 MPavm
SE(B)
Arcam Al As built Kig = 108 MPavm — 131 MPavm | specimens
(this study) | HIPed (900 °C, 100 MPa, 2h, Ar) | Kiq = 140 MPavm — 154 MPavym

We observe that the values of initiation fracture toughness measured in this study are
higher than those reported in [37].

Seifi et al. [38] documented orientation-dependent fracture and fatigue properties of
as-deposited (as-built) and HIPed Ti64 produced by different generations of Arcam machines
(A2 and A2X). Fracture tests were conducted on bend specimens with B =10 mm and W = 20
mm. The fracture property ranges shown in Table 11 were reported.

Table 12 — Literature fracture toughness values for AM Ti64 reported in [38] and results
obtained in this investigation.

Machine Condition Reported toughness
type
Arcam A2 As built Ko = 43 MPavm — 95 MPavm — Tummean ~ 0 MPa
HIPed (950 °C, 100 MPa, 3h, Ar) Jic = 29 kd/m? — 42 kI/m? — Tmmean = 3 MPa — 8 MPa
As built Ko =47 MPavm — 105 MPaVm — Tmmean = 3 MPa— 19 MPa
Arcam A2X
HIPed (950 °C, 100 MPa, 3h, Ar) Jic = 45 kJ/m2 — 66 kJ/m2 — Twm,mean = 8 MPa — 15 MPa

As built Kiq = 108 MPavm — 131 MPavm — Jo = 90 kd/m2— 134 kJ/m?
Arcam Al Tmmean = 1 MPa — 9 MPa

(this study) Kig = 140 MPaVm —154 MPavm — Jg = 152 kJ/m2— 183 kJ/m?
TM,mean =6 MPa-12 MPa

HIPed (900 °C, 100 MPa, 2h, Ar)

Again, the results of our tests are higher than the results reported in [38].
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8. Conclusions

An in-depth characterization of the room temperature fracture toughness of additively
manufactured Ti-6Al-4V was performed at NIST, by testing 50 fatigue precracked and
side-grooved Charpy-type specimens in as built and hot isostatically pressed (classic and
super- transus) conditions. Additional parameters investigated included non-supported and
supported specimens, and scan length (between 28 mm and 84 mm).

Fracture toughness tests were conducted with the Elastic Compliance (EC)
methodology. Force-crack mouth opening displacement curves were also analyzed in
accordance with the Normalization Data Reduction (NDR) technique, although total crack
extension was too long for the analyses to be compliant with ASTM E1820-18a¢.

From the results obtained, the following conclusions can be drawn.

e No statistical differences were observed between non-supported and supported specimens
in terms of initiation fracture toughness. Tearing moduli, on the other hand, were found to
be higher for supported specimens in all the conditions examined.

e Fracture toughness (initiation values and crack resistance) tends to improve with increasing
scan length. The highest values of Jo were obtained, for both as built and classically HIPed
specimens, with a scan length of 70 mm. The lowest correspond to 56 mm.

e Two HIP treatments were investigated: classic HIP (900 °C, 100 MPa for 2 h) and
super-f transus HIP (1050 °C, 100 MPa for 2 h + additional HIP). Classically HIPed
specimens exhibited significantly better toughness than as built specimens. Specimens
subject to the super-f transus HIP, on the other hand, exhibited large “crack jumps”
(unstable ductile tearing events), which caused low initiation values and poor resistance to
crack propagation.

e The occurrence of “crack jumps”, or tearing instabilities, was observed on several material
conditions investigated and needs to be clarified through microstructural investigations.
These events were unrelated to the presence of lack-of-fusion (LoF) pores on the fracture
surface, which was observed on most of the specimens corresponding to the longest scan
length (84 mm). Although LoF has been reported to be detrimental to the mechanical
properties of AM parts and cannot be sealed by HIP, we did not find a direct relationship
with the fracture toughness values measured in this study.

¢ In this investigation, the Elastic Compliance (EC) single-specimen methodology was used
as the primary method to measure the fracture toughness properties of AM Ti64. None of
the tests performed were strictly valid according to ASTM E1820-18a:!, if all the
requirements stated in the standard are taken into account. However, most of the
requirements that were not fulfilled concerned the estimation of the initial crack size, which
was nonetheless acceptably predicted for the vast majority of the tests performed.
Therefore, in the authors’ judgment, the results obtained in this study can be considered
reliable measurements of the fracture toughness of AM Ti64 in the different conditions
examined.

e An additional methodology (Normalization Data Reduction — NDR) was used to analyze
the force-crack mouth opening displacement records of the tests performed. For all
specimens, final crack extension exceeded the limit prescribed by ASTM E1820-18a!, and
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therefore the calculated parameters can be considered questionable. Nevertheless, when
compared to the outcomes of the EC methodology, the NDR approach generally provided
lower values of critical toughness and steeper J-R curves (i.e., higher crack resistance).

In terms of critical fracture toughness at crack initiation, the results we obtained in this
investigation are generally higher than values found in the literature for both non-AM and
AM Ti64, under comparable manufacturing conditions.
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ANNEX 1

As-built, non-supported



TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-8-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 826.0 MPa
Ors= 9260 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 504
ae= 481

a= 808
Aa,=  3.04

Aapredictea = 3.39

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 89.58 kJ/m?
(uncertainty > 4%)
TMjq = 3.76 MPa
TMjime=  0.68  MPa
TMiean = 222 MPa

Normalization Data Reduction
Jo= 6784 Kk/m?

Excessive crack extension: I

TMe= 864 MPa
TMyime= 1.86  MPa
TMmean= 525 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4795 mm Diff:  0.000 <0.002W = 0.0200
Apg2= 4.813 mm 0.018 <0.002W = 0.0200
Aq3= 4776 mm 0.019 <0.002W = 0.0200
Aogmean = 4795 mm
Qualification of data
Crack extension prediction Aay=  3.04 mm (measured)
(before final adjustment)  Aageq = 3.39  mm (predicted)
Difference = 0.35 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.062771 < 1.0 — QUALIFIED

lagg-aol= 023 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 11 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 13 23 - QUALIFIED
Correlation coefficientagg fit:  0.959  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : NOT VALID
Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.96 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  22.4  MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-8-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 826.0 MPa
Ors= 967.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 504
A= 4.76

a= 816
Aa,= 313

Aapredictea = 3.43

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 8810 kJ/m?
(uncertainty > 4%)
TMjq = 5.18 MPa
TMjme= 098  MPa
TMiean = 3.08  MPa

Normalization Data Reduction
Jo= 7283 Kk/m?

Excessive crack extension: I

TMjq= 1117 MPa
TMyime=  2.65 MPa
TMmean= 691  MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4769 mm Diff: 0.011 <0.002W = 0.0200
Apg2= 4.805 mm 0.025 >0.002W = 0.0200
Aq3= 4766 mm 0.014 <0.002W = 0.0200
Aogmean = 4.780 mm
Qualification of data
Crack extension prediction Aay= 313  mm (measured)
(before final adjustment)  Aageq = 3.43  mm (predicted)
Difference = 0.31 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.091351 < 1.0 — QUALIFIED

lagg-aol= 028 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 13 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficient agy fit:  0.906  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : NOT VALID
Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.96 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  32.3  MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-8-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 826.0 MPa
Ors= 967.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 499
A= 4.79

a= 806
Aa,=  3.07

Aapredictea = 3.19

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 102.80 kJ/m?
(uncertainty > 4%)
TMjq = 1.64 MPa
TMyme=  0.28  MPa
TMiean = 0.96  MPa

Normalization Data Reduction
Jo= 7160 Kki/m*

Excessive crack extension: I

TMq= 1193 MPa
TMyime= 292 MPa
TMmean=  7.42  MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4786 mm Diff:  0.009 <0.002W = 0.0200
Apg2= 4.835 mm 0.041 >0.002W =  0.0200
Aq3= 4763 mm 0.032  >0.002W = 0.0200
Aogmean = 4795 mm
Qualification of data
Crack extension prediction Aay=  3.07 mm (measured)
(before final adjustment)  Aageq = 3.19 mm (predicted)
Difference = 0.12 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.025578 < 1.0 — QUALIFIED

lagg-al= 020 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 14 23 - QUALIFIED
Correlation coefficient agg fit:  0.929  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : NOT VALID
Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.01 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  10.2  MPa<Sy - QUALIFIED

mm

mm

mm




(N>) @2104

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Crack Mouth Opening Displacement (mm)

O
o Experimental data
e Qualified data

150

(zw/m1) 1eadaur-r

5
50
25

0

3.5

2.5

0.5

Crack extension (mm)



150

o 5 <}
4 2 N
m o | m — 1
m} [
w g | - S | |
2= g -
S = oo L
@ c © &% | O = =
o 4 4
e o
£ O S
= F= 4~ o > i
a = Z w
o © 1 1
A x = O < O
) (=1 w Q i i
S S o e .
-ml ® m 4
£ g
I n E B | B e T
[ - £
3 c T
a S
@ 4
£ S
c 2 d
x
S o < ]
- -3
(5} o
= —© 7
3 S 1
o <
p < ]
-
5 p) 1
(]
c 4
9 " |
=3
o o
) T
M 4
i ||||||||||..|||||.|I|nllu. lllllllllllllll 1 llw..lllllrllllnllw lllllllll
of T ------______ T _ T e T
N R | | 4
: = 1
N N N Y N rui o TN T I T N T | :V/F - -
= g =
LN o LN o LN o o LN g N = o N
(@] o ~ LN (@] LN (@] — O ~N g LN (@]
i i i — — —_

(zw/m) |es3a3ui-r (;w/p1) 1e1Sa3ur-r

2.5

15 AaIimit

Crack extension (mm)

0.5



TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-8-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 826.0 MPa
Ors= 967.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 503
A= 4.76

a= 800
Aa,= 298

Aapredictea = 3.29

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Ja= 9245 KkJ/m?
(uncertainty > 4%)
TMjq = 3.33 MPa
TMyime=  0.60  MPa
Tiean=  1.96  MPa

Normalization Data Reduction
Joa= 6994  Kki/m?

Excessive crack extension: I

TMjq= 10.33 MPa
TMyime= 239 MPa
TMmean= 636  MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4774 mm Diff:  0.010 <0.002W = 0.0200
Apg2= 4.798 mm 0.014 <0.002W = 0.0200
Aq3= 4781 mm 0.004 <0.002W = 0.0200
Aogmean =  4.784  mm
Qualification of data
Crack extension prediction Aay= 298 mm (measured)
(before final adjustment)  Aageq = 3.29  mm (predicted)
Difference = 0.31 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.056574 < 1.0 — QUALIFIED

lagg-aol= 027 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 13 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 8 23 - QUALIFIED
Correlation coefficient agg fit:  0.910 <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.97  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  20.8 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-6-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 834.0 MPa
Ors= 9720 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

= 4.99
ae= 473

a= 809
Aa,= 3.0

Aapedictea = 3.30

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 9593 kJ/m?
(uncertainty > 4%)
TMjq = 2.07 MPa
TMyime= 036  MPa
Tiean= 121 MPa

Normalization Data Reduction
Jo= 7011  Kk/m?

Excessive crack extension: I

TMq= 10.75 MPa
TMyime=  2.54  MPa
TMmean=  6.65 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4744 mm Diff:  0.004 <0.002W = 0.0200
Ag= 4.762 mm 0.015 <0.002W = 0.0200
Aq3= 4736 mm 0.011 <0.002W =  0.0200
Aogmean = 4747  mm
Qualification of data
Crack extension prediction Aay= 310 mm (measured)
(before final adjustment)  Aageq = 3.30 mm (predicted)
Difference = 0.20 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.034583 < 1.0 — QUALIFIED

lagg-aol= 027 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 14 23 - QUALIFIED
Correlation coefficient agg fit:  0.917  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.01 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  13.1  MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-6-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 834.0 MPa
Ors= 9720 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

= 502
ag= 476

a= 805
Aa,=  3.02

Aapredictea = 3.37

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 9037 kJ/m?
(uncertainty > 4%)
TMjq = 0.57 MPa
TMjme=  0.09  MPa
TMiean= 033 MPa

Normalization Data Reduction
Jog= 7049  Kk/m?

Excessive crack extension: I

TMp= 823 MPa
TMyime= 176 MPa
TMmean= 5.00 MPa

Estimates of initial crack size: ag1= 4787 mm Diff: 0.009 <0.002W= 0.0200 mm
Apgy= 4.818 mm 0.022 >0.002W = 0.0200 mm
3= 4783 mm 0.013 <0.002W = 0.0200 mm
Aogmean = 4796 mm
Qualification of data
Crack extension prediction Aay= 3.02 mm (measured)
(before final adjustment)  Aageq = 3.37  mm (predicted)
Difference = 0.35 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.009979 < 1.0 — QUALIFIED

lagg-aol= 026 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 14 23 - QUALIFIED
Correlation coefficientagg fit:  0.890  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : NOT VALID
Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.98 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq : 3.6 MPa < Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-6-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 834.0 MPa
Ors= 9720 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 500
ag= 475

a= 795
Aa,= 294

Aapedictea = 3.20

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 8832 kI/m?
(uncertainty > 4%)
TMjq = 4.21 MPa
TMyime= 077  MPa
Tiean= 249 MPa

Normalization Data Reduction
Jo= 7326 Kk/m?

Excessive crack extension: I

TMp= 7.96 MPa
TMyime=  1.68  MPa
TMmean=  4.82  MPa

Estimates of initial crack size: ag1= 4772 mm Diff: 0.002 <0.002W= 0.0200 mm
Apg2= 4.783 mm 0.014 <0.002W = 0.0200 mm
3= 4754 mm 0.016 <0.002W = 0.0200 mm
Aoqmean = 4.769  mm
Qualification of data
Crack extension prediction Aay= 294 mm (measured)
(before final adjustment)  Aageq = 3.20 mm (predicted)
Difference = 0.25 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.075125 < 1.0 — QUALIFIED

lagg-aol= 025 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficient agy fit:  0.926  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.00 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  26.7 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-6-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 834.0 MPa
Ors= 9720 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 500
ag= 479

a= 795
Aa,= 294

Aapeditea = 3.01

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Ja= 9624  kJ/m?
(uncertainty > 4%)
TMjq = 0.10 MPa
TMyme=  0.02  MPa
TMiean = 0.06  MPa

Normalization Data Reduction
Joa= 7077  Kk/m?

Excessive crack extension: I

TMi= 929 MPa
TMyime=  2.07  MPa
TMmean=  5.68 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4.815 mm Diff:  0.005 <0.002W = 0.0200
Apg2= 4.819 mm 0.009 <0.002W = 0.0200
Aq3= 4796 mm 0.014 <0.002W = 0.0200
Aoqmean = 4.810 mm
Qualification of data
Crack extension prediction Aay= 294 mm (measured)
(before final adjustment)  Aageq = 3.01 mm (predicted)
Difference = 0.06 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.001674 < 1.0 — QUALIFIED

lagg-aol= 021 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 12 23 - QUALIFIED
Correlation coefficientagg fit:  0.912  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.00 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq : 0.6 MPa < Sy - QUALIFIED

mm

mm

mm
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-5-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 838.0 MPa
Ors= 9750 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 508
ae= 481

a= 711
Aa,=  2.03

Aapredicted = 2.06

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 14232 KkJ/m?
(uncertainty > 4%)
TMjq = 6.60 MPa
TMyime= 133 MPa
Tiean= 397  MPa

Normalization Data Reduction
Jog= 10233 Kk/m?

Excessive crack extension: I

TMq= 1877 MPa
TMyime= 522 MPa
TMmean= 11.99 MPa

Estimates of initial crack size: ag1= 4.823 mm Diff:  0.017 <0.002W = 0.0200
Apg2= 4.864 mm 0.024 >0.002W =  0.0200
Aq3= 4.833 mm 0.007 <0.002W = 0.0200
Aoqmean =  4.840  mm
Qualification of data
Crack extension prediction Aay=  2.03 mm (measured)
(before final adjustment)  Aageq = 2.06 mm (predicted)
Difference = 0.02 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.082366 < 1.0 — QUALIFIED

lagg-apl= 026 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 15 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 10 23 - QUALIFIED
Correlation coefficient agy fit:  0.906  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.92  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  42.1  MPa<Sy - QUALIFIED
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mm
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-5-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 838.0 MPa
Ors= 9750 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

ap= 512
ag= 478

a= 738
Aa,= 226

Aapredicted = 2.36

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 13441 KkJ/m?
(uncertainty > 4%)
TMjq = 6.86 MPa
TMyime= 139 MPa
Tiean =  4.12  MPa

Normalization Data Reduction
Joa= 9991 Kk/m?

Excessive crack extension: I

TMjq= 1578 MPa
TMyime=  4.05 MPa
TMmean= 9.92  MPa

Estimates of initial crack size: ag1= 4.829 mm Diff:  0.005 <0.002W = 0.0200
Apg2= 4.841 mm 0.008 <0.002W = 0.0200
Aq3= 4.831 mm 0.003 <0.002W = 0.0200
Aoqmean =  4.834  mm
Qualification of data
Crack extension prediction Aay= 226 mm (measured)
(before final adjustment)  Aageq = 2.36 mm (predicted)
Difference = 0.10 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.089302 < 1.0 — QUALIFIED

lagg-apl= 035 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 14 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 9 23 - QUALIFIED
Correlation coefficient agy fit:  0.889  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 4.88 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  43.8 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-5-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 838.0 MPa
Ors= 9750 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 504
ae= 473

a= 710
Aa,=  2.06

Aapredicted = 2.18

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 130.78 kJ/m?
(uncertainty > 4%)
TMjq = 8.65 MPa
TMjme=  1.81  MPa
TMiean = 5.23  MPa

Normalization Data Reduction
Jog= 10131 Kki/m?

Excessive crack extension: I

TMq= 16.81 MPa
TMyime= 443  MPa
TMmean=  10.62 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4766 mm Diff: 0.016 <0.002W = 0.0200
Apg2= 4799 mm 0.017 <0.002W = 0.0200
Aq3= 4782 mm 0.000 <0.002W = 0.0200
Aoqmean = 4.783  mm
Qualification of data
Crack extension prediction Aay=  2.06 mm (measured)
(before final adjustment)  Aageq = 2.18 mm (predicted)
Difference = 0.12 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C,= 0.114768 < 1.0 — QUALIFIED

lagg-apl= 031 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 17 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 10 23 - QUALIFIED
Correlation coefficientagy fit:  0.862  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.96 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag: 552  MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-5-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 838.0 MPa
Ors= 9750 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 507
ae= 471

a= 730
Aa,= 223

Aapredicted = 2.28

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 126.95 kJ/m?
(uncertainty > 4%)
TMjq = 9.66 MPa
TMyme = 2.07  MPa
Tean = 5.87  MPa

Normalization Data Reduction
Ja=  92.09 Kki/m?

Excessive crack extension: I

TMjq= 1728 MPa
TMyime= 475 MPa
TMmean= 11.01 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4734 mm Diff: 0.011 <0.002W = 0.0200
Apg2= 4.769 mm 0.025 >0.002W = 0.0200
Aq3= 4731 mm 0.013 <0.002W = 0.0200
Aogmean = 4745 mm
Qualification of data
Crack extension prediction Aay= 223 mm (measured)
(before final adjustment)  Aageq = 2.28 mm (predicted)
Difference = 0.05 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.13109 < 1.0 — QUALIFIED

lagg-apl= 036 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 14 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 9 23 - QUALIFIED
Correlation coefficient agg fit:  0.891  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.93  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  61.6  MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-4-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 841.0 MPa
Ors= 977.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

ap= 523
ae= 493

a= 756
Aa,= 233

Aapredicted = 2.61

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 101.99 kJ/m?
(uncertainty > 4%)
TMjq = 411 MPa
TMyime= 076 MPa
TMiean = 243 MPa

Normalization Data Reduction
Ja= 9493  Kk/m?

Excessive crack extension: I

TMjq= 10.01 MPa
TMyime= 219 MPa
TMmean=  6.10 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4760 mm Diff:  0.013 <0.002W = 0.0200
Apg2= 4.796 mm 0.023 >0.002W =  0.0200
Aq3= 4763 mm 0.010 <0.002W = 0.0200
Aogmean = 4773 mm
Qualification of data
Crack extension prediction Aay= 233 mm (measured)
(before final adjustment)  Aageq = 2.61  mm (predicted)
Difference = 0.28 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.066168 < 1.0 — QUALIFIED

lagg-apl= 030 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 14 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 9 23 - QUALIFIED
Correlation coefficient agg fit:  0.923  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.77  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  26.4 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-4-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 841.0 MPa
Ors= 977.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

ap= 523
ae= 493

a= 756
Aa,= 233

Aapredicted = 2.61

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 101.99 kJ/m?
(uncertainty > 4%)
TMjq = 411 MPa
TMyime= 076 MPa
TMiean = 243 MPa

Normalization Data Reduction
Ja= 9493  Kk/m?

Excessive crack extension: I

TMjq= 10.01 MPa
TMyime= 219 MPa
TMmean=  6.10 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4760 mm Diff:  0.013 <0.002W = 0.0200
Apg2= 4.796 mm 0.023 >0.002W =  0.0200
Aq3= 4763 mm 0.010 <0.002W = 0.0200
Aogmean = 4773 mm
Qualification of data
Crack extension prediction Aay= 233 mm (measured)
(before final adjustment)  Aageq = 2.61  mm (predicted)
Difference = 0.28 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.066168 < 1.0 — QUALIFIED

lagg-apl= 030 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 14 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 9 23 - QUALIFIED
Correlation coefficient agg fit:  0.923  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.77  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  26.4 MPa<Sy - QUALIFIED

mm

mm

mm
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-4-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 841.0 MPa
Ors= 977.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

= 494
A= 4.77

a= 657
Aa,= 163

Aapredicted = 1.36

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Je= 130.02 kJ/m?
(uncertainty > 4%)
TMjq= 1731 MPa
TMyme = 4.41  MPa
TMmean = 10.86  MPa

Normalization Data Reduction
Ja= 9870 KkJ/m?

Excessive crack extension: I

TMq= 2437 MPa
TMyime=  8.08  MPa
TMmean=  16.23 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4.803 mm Diff:  0.006 <0.002W = 0.0200
Apg2= 4.807 mm 0.010 <0.002W = 0.0200
Aq3= 4780 mm 0.017 <0.002W = 0.0200
Aogmean = 4797  mm
Qualification of data
Crack extension prediction Aagy = 1.63  mm (measured)
(before final adjustment)  Aageq = 1.36 mm (predicted)
Difference=  -0.28 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.231847 <1.0 — QUALIFIED

lagg-aol= 017 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 16 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 9 23 - QUALIFIED
Correlation coefficient agy fit:  0.861  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.06 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  111.0 MPa<Sy - QUALIFIED

mm

mm

mm
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AN-4-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 841.0 MPa
Ors= 977.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 503
A=  4.95

a= 710
Aay= 2,07

Aapredicted = 2.24

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 117.36 kJ/m?
(uncertainty > 4%)
TMjq = 293 MPa
TMyme=  0.53  MPa
Tean= 173 MPa

Normalization Data Reduction
Jo= 8513  Kk/m?

Excessive crack extension: I

TMq= 16.97 MPa
TMyime= 475 MPa
TMmean=  10.86 MPa

Estimates of initial crack size: ag1= 4.968 mm Diff: 0.011 <0.002W = 0.0200
Apg2= 4.999 mm 0.019 <0.002W = 0.0200
Aq3= 4972 mm 0.008 <0.002W = 0.0200
Aoqmean = 4.980 mm
Qualification of data
Crack extension prediction Aay=  2.07 mm (measured)
(before final adjustment)  Aageq = 2.24  mm (predicted)
Difference = 0.17 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.042363 < 1.0 — QUALIFIED

|agg-ap|l= 008 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 16 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 10 23 - QUALIFIED
Correlation coefficient agy fit:  0.858  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.97  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  18.8 MPa<Sy - QUALIFIED
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ANNEX 2

As-built, supported



TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-8-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 860.0 MPa
Ors= 960.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 501
ag= 455

a= 777
Aa,= 275

Aapredicted = 2.29

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 9211 kJ/m?
(uncertainty > 4%)
TMjq = 6.74 MPa
TMyime= 134 MPa
Tiean =  4.04  MPa

Normalization Data Reduction
Jo= 7788 Kk/m?

Excessive crack extension: I

TMp= 581 MPa
TMyime= 113 MPa
TMmean=  3.47 MPa

Estimates of initial crack size: ag1= 4797 mm Diff:  0.017 <0.002W = 0.0200
Apg2= 4.843 mm 0.029 >0.002W = 0.0200
Aq3= 4.802 mm 0.012 <0.002W = 0.0200
Aogmean =  4.814  mm
Qualification of data
Crack extension prediction Aay= 275 mm (measured)
(before final adjustment)  Aageq = 2.29  mm (predicted)
Difference=  -0.46 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C,= 0.117846 < 1.0 — QUALIFIED

lagg-apl= 046 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 13 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 8 23 - QUALIFIED
Correlation coefficient agy fit:  0.815  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, = 4.99 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  43.3  MPa<Sy - QUALIFIED

mm

mm

mm
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-8-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 860.0 MPa
Ors= 960.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 5.00
A= 4.60

a= 777
Aay= 277

Aapredicted = 2.09

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Ja= 9752 kJ/m?
(uncertainty > 4%)
TMjq = 8.04 MPa
TMjime=  1.66  MPa
TMiean =  4.85  MPa

Normalization Data Reduction
lo= 7414  K/m?

Excessive crack extension: I

TMp= 974 MPa
TMyime= 220 MPa
TMmean= 597 MPa

Estimates of initial crack size: ag1= 4707 mm Diff: 0.005 <0.002W= 0.0200 mm
A= 4.725 mm 0.013 <0.002W = 0.0200 mm
aq3= 4703 mm 0.008 <0.002W = 0.0200 mm
Aogmean = 4712 mm
Qualification of data
Crack extension prediction Aay= 277 mm (measured)
(before final adjustment)  Aageq = 2.09 mm (predicted)
Difference=  -0.68 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.134389 < 1.0 — QUALIFIED

lagg-apl= 041 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 14 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 9 23 - QUALIFIED
Correlation coefficientagg fit:  0.741  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.00 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  51.7 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-8-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 860.0 MPa
Ors= 960.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

ap= 499
A= 4.48

a= 761
Aa,= 262

Aapredicted = 2.09

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Ja= 93.63 kI/m?
(uncertainty > 4%)
TMjq = 7.92 MPa
TMyime=  1.63  MPa
e = 477  MPa

Normalization Data Reduction
o= 7744  K/m?

Excessive crack extension: I

TMp= 7.99 MPa
TMyime=  1.68  MPa
TMmean=  4.84 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4726 mm Diff:  0.005 <0.002W = 0.0200
Apg2= 4.745 mm 0.014 <0.002W = 0.0200
Aq3= 4723 mm 0.009 <0.002W = 0.0200
Aogmean = 4731 mm
Qualification of data
Crack extension prediction Aay= 2,62 mm (measured)
(before final adjustment)  Aageq = 2.09 mm (predicted)
Difference=  -0.53 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.136658 < 1.0 — QUALIFIED

| Aoq - A0 | = 0.51 mm - DATA SET NOT ADEQUATE
# of data available to calculate ag, : 13 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficientagg fit:  0.736  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.01 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  50.9 MPa<Sy - QUALIFIED
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mm
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-8-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 860.0 MPa
Ors= 960.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 505
ag= 456

a= 776
Aa,= 271

Aapredicted = 2.30

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 86.14 kJ/m?
(uncertainty > 4%)
TMjq= 1213 MPa
TMyime=  2.89 MPa
Tean=  7.51  MPa

Normalization Data Reduction
Jo= 7801 Kk/m?

Excessive crack extension: I

TMp= 7.74 MPa
TMyime=  1.61  MPa
TMmean=  4.68  MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4790 mm Diff:  0.012 <0.002W = 0.0200
Apg2= 4.833 mm 0.031 >0.002W =  0.0200
Aq3= 4785 mm 0.018 <0.002W = 0.0200
Aoqmean = 4.803  mm
Qualification of data
Crack extension prediction Aay= 271  mm (measured)
(before final adjustment)  Aageq = 2.30 mm (predicted)
Difference=  -0.41 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.223986 < 1.0 — QUALIFIED

lagg-apl= 049 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficientagg fit:  0.750 <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, = 4.95 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  78.0 MPa<Sy - QUALIFIED
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mm
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-6-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 876.0 MPa
Ors= 9740 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

= 502
ag= 457

a= 815
Aa,= 313

Aapredicted = 2.88

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 8044 kJ/m?
(uncertainty > 4%)
T™™,q= ©5.86 MPa
TMyime= 114 MPa
TMiean = 3.50  MPa

Normalization Data Reduction
Jg= 6595  ki/m?

Excessive crack extension: I

TMip= 6.00 MPa
TMyime=  1.20  MPa
TMmean= 3.60 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4796 mm Diff: 0.016 <0.002W = 0.0200
Apg2= 4.840 mm 0.028 >0.002W = 0.0200
Aq3= 4.802 mm 0.011 <0.002W =  0.0200
Aoqmean = 4.813  mm
Qualification of data
Crack extension prediction Aay= 313  mm (measured)
(before final adjustment)  Aageq = 2.88 mm (predicted)
Difference=  -0.25 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient = 0.11791 <1.0

- QUALIFIED

lagg-aol= 045 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 11 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficient agy fit:  0.856  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.

ThicknessB = 10.00 mm > 10JQ/Sy
amentb, =  4.98 mm>10JQ/Sy
Regression line slope in Aaq : 39.0 MPa<Sy

al

- QUALIFIED
- QUALIFIED
— QUALIFIED

mm

mm

mm




(N>) @2104

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Crack Mouth Opening Displacement (mm)

o Experimental data

e Qualified data

150

(zw/m1) 1eadaur-r

3.5

2.5

Crack extension (mm)



O Experimental data

@ Qualified data

(]

3

g

=

=

(9]

()]

-

—

[ 4

D k=4
> £
- 2
2 g :
=1 I 7 il ey
o

S 4
3 4
(]

2 4
~ 4
)

S -
a 4
c 4
2 |
=3

= 4
)

m 4
£

Sl ___ 4
o LT T 8T T oo ———
2| T Tt mmm-SNC------- LTI TS

' i
Lo Lo L L T T e —————
g

o o o o JO o o

<5 ~ =} 00 © = N

— — —

(zw/ 1) 1eadaur-r

35

25

0.5

Crack extension (mm)

a NDR [green]
o EUC [red]

(zw/ry) jesSayu-r

25

3.5

2.5

0.5

Crack extension (mm)



TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-6-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 876.0 MPa
Ors= 9740 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 505
A= 4.54

a= 783
Aay= 277

Aapredicted = 2.30

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Ja= 9207 kJ/m?
(uncertainty > 4%)
TMjq = 6.38 MPa
TMyme= 126 MPa
TMiean=  3.82 MPa

Normalization Data Reduction
Jo=  76.68 ki/m*

Excessive crack extension: I

TMg= 7.57 MPa
TMyime=  1.58  MPa
TMmean= 457 MPa

Estimates of initial crack size: ag1= 4796 mm Diff: 0.016 <0.002W = 0.0200
Apg2= 4.840 mm 0.028 >0.002W = 0.0200
Aq3= 4.802 mm 0.011 <0.002W =  0.0200
Aoqmean = 4.813  mm
Qualification of data
Crack extension prediction Aay= 277 mm (measured)
(before final adjustment)  Aageq = 2.30 mm (predicted)
Difference=  -0.47 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.114898 < 1.0 — QUALIFIED

| Aoq - A0 | = 0.52 mm - DATA SET NOT ADEQUATE
# of data available to calculate ag, : 11 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficientagy fit:  0.764  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, = 4.95 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  42.4  MPa<Sy - QUALIFIED

mm

mm

mm
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Normalization Data Reduction (NDR) Technique

O Experimental data

@ Qualified data
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-6-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 876.0 MPa
Ors= 9740 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

= 502
ag= 453

a= 813
Aa,= 312

Aapredicted = 231

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 102.30 kJ/m?
(uncertainty > 4%)
TMjq = 2.32 MPa
TMyme= 041  MPa
Tean= 137 MPa

Normalization Data Reduction
Ja=  65.10 kJ/m*

Excessive crack extension: I

TMp= 7.10 MPa
TMyime= 149  MPa
TMmean= 429 MPa

Estimates of initial crack size: ag1= 4710 mm Diff: 0.014 <0.002W = 0.0200
A= 4.744 mm 0.020 >0.002W = 0.0200
Aq3= 4717 mm 0.006 <0.002W = 0.0200
Aogmean = 4724 mm
Qualification of data
Crack extension prediction Aay= 312 mm (measured)
(before final adjustment)  Aageq = 2.31  mm (predicted)
Difference=  -0.81 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.03854 <1.0 — QUALIFIED

|agg-aol= 048 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 11 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 6 23 - QUALIFIED
Correlation coefficientagy fit:  0.754  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.98 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq: 154  MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-6-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 876.0 MPa
Ors= 9740 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 503
ae= 454

a= 818
Aa,= 315

Aapredicted = 2.74

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Ja= 8621 kJ/m?
(uncertainty > 4%)
TMjq = 4.60 MPa
TMyime=  0.86  MPa
TMiean= 273 MPa

Normalization Data Reduction
Jg= 7106  Kki/m?

Excessive crack extension: I

TMp= 548 MPa
TMyime=  1.06  MPa
TMmean= 327 MPa

Estimates of initial crack size: ag1= 4.801 mm Diff:  0.002 <0.002W = 0.0200
Apg2= 4.825 mm 0.026 >0.002W = 0.0200
Aq3= 4771 mm 0.028 >0.002W = 0.0200
Aogmean = 4799  mm
Qualification of data
Crack extension prediction Aay= 315 mm (measured)
(before final adjustment)  Aageq = 2.74  mm (predicted)
Difference=  -0.41 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.087369 < 1.0 — QUALIFIED

lagg-aol= 049 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficientagy fit:  0.745  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : NOT VALID
Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.97  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  30.5 MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-5-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 884.0 MPa
Ors= 981.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

= 502
ag= 466

a= 826
Aa,= 323

Aapredicted = 3.52

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 124.02 KkJ/m?
(uncertainty > 4%)
TMjq = 9.07 MPa
TMyme= 193 MPa
TMiean= 550  MPa

Normalization Data Reduction
Ja= 9753  Kk/m?

Excessive crack extension: I

TMjq= 1451 MPa
TMyime=  3.68 MPa
TMmean= 9.10  MPa

Estimates of initial crack size: ag1= 4771 mm Diff:  0.003 <0.002W = 0.0200
A= 4774 mm 0.006 <0.002W = 0.0200
Aq3= 4760 mm 0.008 <0.002W = 0.0200
Aoqmean = 4.769  mm
Qualification of data
Crack extension prediction Aay= 323  mm (measured)
(before final adjustment)  Aageq = 3.52  mm (predicted)
Difference = 0.28 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C,= 0.1316 <1.0 — QUALIFIED

lagg-apl= 036 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 9 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 5 23 - QUALIFIED
Correlation coefficient agy fit:  0.827  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.98 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  61.2 MPa<Sy - QUALIFIED
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mm
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-5-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 884.0 MPa
Ors= 981.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 440
ae=  4.55

a= 590
Aa,= 150

Aapredictea = 0.99

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 136.63 kJ/m?
(uncertainty > 4%)
TMjq= 13.65 MPa
TMyme = 3.23  MPa
TMiean = 844  MPa

Normalization Data Reduction
Joa= 9092 Kki/m?

Excessive crack extension: I

TMjq= 20.40 MPa
TMyime= 640 MPa
TMmean= 13.40 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4763 mm Diff:  0.018 <0.002W = 0.0200
Apg2= 4.804 mm 0.023 >0.002W =  0.0200
Aqs= 4775 mm 0.006 <0.002W = 0.0200
Aogmean = 4781 mm
Qualification of data
Crack extension prediction Aagy = 1.50 mm (measured)
(before final adjustment) ~ Aajeq=  0.99  mm (predicted)
Difference=  -0.51 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.184339 < 1.0 — QUALIFIED

lagg-apl= 015 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 16 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 10 23 - QUALIFIED
Correlation coefficient agy fit:  0.798  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.60 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  92.2  MPa<Sy - QUALIFIED

mm

mm

mm
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-5-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 884.0 MPa
Ors= 981.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 437
= 4.57

a= 599
Aa,= 162

Aapredicted = 1.19

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 12879 kJ/m?
(uncertainty > 4%)
TMjq= 13.84 MPa
TMyme= 330  MPa
Tiean= 857  MPa

Normalization Data Reduction
Ja= 9061 kJ/m?

Excessive crack extension: I

TMjq= 1829 MPa
TMyime= 5.36  MPa
TMmean= 11.82 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4770 mm Diff: 0.014 <0.002W = 0.0200
Apg2= 4.798 mm 0.014 <0.002W = 0.0200
Aq3= 4783 mm 0.000 <0.002W = 0.0200
Aogmean =  4.784  mm
Qualification of data
Crack extension prediction Aagy = 1.62  mm (measured)
(before final adjustment)  Aageq = 1.19 mm (predicted)
Difference=  -0.43 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.195235 < 1.0 — QUALIFIED

lagg-apl= 020 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 14 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 9 23 - QUALIFIED
Correlation coefficient agy fit:  0.815  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, = 5.63  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  93.5 MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-5-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 884.0 MPa
Ors= 981.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 432
=  4.53

a= 615
Aa,=  1.83

Aapredicted = 1.42

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 122.00 kJ/m?
(uncertainty > 4%)
TMjq= 12.76 MPa
TMyjmie = 298  MPa
e = 7.87  MPa

Normalization Data Reduction
Jo= 8429 Kk/m?

Excessive crack extension: I

TMq= 17.89 MPa
TMyime=  5.33  MPa
TMmean= 11.61 MPa

Estimates of initial crack size: ag1= 4.815 mm Diff:  0.010 <0.002W = 0.0200
Apg2= 4.846 mm 0.021 >0.002W =  0.0200
Aq3= 4.814 mm 0.011 <0.002W =  0.0200
Aoqmean =  4.825 mm
Qualification of data
Crack extension prediction Aagy = 1.83  mm (measured)
(before final adjustment)  Aageq = 1.42  mm (predicted)
Difference=  -0.41 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.187439 < 1.0 — QUALIFIED

lagg-apl= 020 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 13 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 9 23 - QUALIFIED
Correlation coefficient agy fit:  0.882  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.68 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  86.2 MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material

Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information

Type = PCVN
Identification = AS-4-1
Orientation = N/A

Basic dimensions

B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 892.0 MPa
Ors= 988.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 446
A= 4.64

a= 827
Aa,= 381

Aapredictea = 3.61

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 124.65 kJ/m?
(uncertainty > 4%)
TM)q= 1577 MPa
TMyme=  3.97  MPa
Tiean=  9.87  MPa

Normalization Data Reduction
Jo= 7482 Kk/m?

Excessive crack extension: I

TMjq= 17.09 MPa
TMyime= 401 MPa
TMmean = 10.55 MPa

Estimates of initial crack size: ag1= 4691 mm Diff: 0.011 <0.002W = 0.0200
A= 4719 mm 0.018 <0.002W = 0.0200
Aq3= 4696 mm 0.006 <0.002W = 0.0200
Aogmean =  4.702  mm
Qualification of data
Crack extension prediction Aa,=  3.81 mm (measured)
(before final adjustment)  Aageq = 3.61 mm (predicted)
Difference=  -0.20 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C,= 0.2311 <1.0

- QUALIFIED

lagg-al= 018 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 5 23 - QUALIFIED
Correlation coefficientagy fit:  0.846  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.

ThicknessB = 10.00 mm > 10JQ/Sy
amentb, = 5.54 mm>10JQ/Sy
Regression line slope in Aaq:  108.2 MPa<Sy

al

- QUALIFIED
- QUALIFIED
— QUALIFIED

mm

mm

mm
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-4-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 892.0 MPa
Ors= 988.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 501
ae=  5.04

a= 761
Aa,= 260

Aapredicted = 2.55

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 127.38 kJ/m?
(uncertainty > 4%)
TMjq = 9.93 MPa
TMyjmie = 2.16  MPa
TMiean = 6.05  MPa

Normalization Data Reduction
Jo=  89.69 ki/m?

Excessive crack extension: I

TMq= 17.49 MPa
TMyime=  5.05 MPa
TMmean= 11.27 MPa

Estimates of initial crack size: ag1= 5.087 mm Diff: 0.004 <0.002W= 0.0200 mm
Apg2= 5.088 mm 0.005 <0.002W = 0.0200 mm
3= 5.073 mm 0.010 <0.002W = 0.0200 mm
Aogmean =  5.083  mm
Qualification of data
Crack extension prediction Aay= 2,60 mm (measured)
(before final adjustment)  Aageq = 2.55 mm (predicted)
Difference=  -0.05 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.143252 < 1.0 — QUALIFIED

lagg-apl= 002 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 9 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 6 23 - QUALIFIED
Correlation coefficientagg fit:  0.839  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, = 4.99 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  68.2 MPa<Sy - QUALIFIED




Force (kN)

J-integral (kJ/m?)

il | IR
/ <,
[N
L ( A
e,
VT
/ //; Vi
7y
0 0.25 0.5 0.75 1 1.25
Crack Mouth Opening Displacement (mm)
250
200 '
:
]
m
150
:
Ja |
1
]
1
100 !
1
]
]
] ]
| |
50 ! ll ! o Experimental data
' ' e Qualified data
il '
) 1
o L . Bl .

1 1.5
Crack extension (mm)

2

2.5 3



Normalization Data Reduction (NDR) Technique

O Experimental data

@ Qualified data

250

(zw/ 1) 1eadaur-r

25

Crack extension (mm)

(zw/ry) jesSayu-r

Crack extension (mm)



TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-4-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 892.0 MPa
Ors= 988.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 4.9
A=  4.67

a= 871
Aa,= 375

Aapredicted = 3.52

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 11293 kJ/m?
(uncertainty > 4%)
TMjq = 5.61 MPa
TMjme=  1.09  MPa
TMiean= 335  MPa

Normalization Data Reduction
Joa=  45.09 KkJ/m?

Excessive crack extension: I

TMq= 12.81 MPa
TMyime= 430  MPa
TMmean= 856  MPa

Estimates of initial crack size: ag1= 4704 mm Diff:  0.007 <0.002W= 0.0200 mm
A= 4.726 mm 0.015 <0.002W = 0.0200 mm
3= 4704 mm 0.007 <0.002W = 0.0200 mm
Aogmean = 4712 mm
Qualification of data
Crack extension prediction Aay= 375 mm (measured)
(before final adjustment)  Aageq = 3.52  mm (predicted)
Difference=  -0.23 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.088599 < 1.0 — QUALIFIED

lagg-aol= 029 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 11 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 5 23 - QUALIFIED
Correlation coefficient agy fit:  0.880 <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, =  5.04 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  38.5 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = AS-4-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 892.0 MPa
Ors= 988.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 503
ae= 471

a= 818
Aa,= 315

Aapredicted = 3.42

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 129.60 kJ/m?
(uncertainty > 4%)
TMjq = 8.18 MPa
TMyime= 171 MPa
Tiean= 495  MPa

Normalization Data Reduction
Jo= 7225 Kk/m?

Excessive crack extension: I

TMjq= 15.04 MPa
TMyime= 433 MPa
TMmean=  9.68  MPa

Estimates of initial crack size: ag1= 4757 mm Diff: 0.008 <0.002W= 0.0200 mm
Apg= 4.787 mm 0.023 >0.002W = 0.0200 mm
3= 4749 mm 0.016 <0.002W = 0.0200 mm
Aogmean =  4.764  mm
Qualification of data
Crack extension prediction Aay= 315 mm (measured)
(before final adjustment)  Aageq = 3.42  mm (predicted)
Difference = 0.27 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C,= 0.1165 <1.0 — QUALIFIED

lagg-aol= 032 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficientagg fit:  0.890  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.97  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  56.1  MPa<Sy - QUALIFIED
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ANNEX 3

Classic HIP, non-supported



TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-8-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 804.0 MPa
Ors= 919.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 504
A= 471

a= 811
Aa,=  3.07

Aapredictea = 3.29

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (62% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 129.04 kJ/m?
(uncertainty > 4%)
TM)q= 10.84 MPa
TMyimie= 236 MPa
Tiean = 6.60 MPa

Normalization Data Reduction
Jg= 95.80 kJ/m*

Excessive crack extension: I

TMjq= 1930 MPa
TMyime=  5.32  MPa
TMmean= 12.31 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: 1= 4731 mm Diff:  0.007 <0.002W = 0.0200
Agg2= 4.756  mm 0.019 <0.002W = 0.0200
Aq3= 4726 mm 0.012 <0.002W = 0.0200
Aogmean = 4738  mm
Qualification of data
Crack extension prediction Aay=  3.07 mm (measured)
(before final adjustment)  Aageq = 3.29  mm (predicted)
Difference = 0.22 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.133049 < 1.0 — QUALIFIED

lagg-apl= 033 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 10 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 6 23 - QUALIFIED
Correlation coefficient agy fit:  0.954  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.96 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  62.5 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-8-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 804.0 MPa
Ors= 919.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 503
ae= 471

a= 808
Aa,=  3.05

Aapredictea = 3.39

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (61% of uncracked ligament)
mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 161.98 kJ/m?
(uncertainty > 4%)
TMjq = 6.79 MPa
TMyme= 140  MPa
Tean=  4.10  MPa

Normalization Data Reduction
Jog= 110.81 KkJ/m?

Excessive crack extension: I

TMq= 2364 MPa
TMyime=  6.96  MPa
TMmean= 15.30 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4733 mm Diff:  0.010 <0.002W = 0.0200
Agg2= 4759 mm 0.016 <0.002W = 0.0200
Aqs= 4737 mm 0.006 <0.002W = 0.0200
Aogmean = 4743 mm
Qualification of data
Crack extension prediction Aay=  3.05 mm (measured)
(before final adjustment)  Aageq = 3.39  mm (predicted)
Difference = 0.34 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.071028 < 1.0 — QUALIFIED

lagg-aol= 032 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficientagg fit:  0.932  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.97  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  39.1  MPa<Sy - QUALIFIED
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mm
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-8-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 804.0 MPa
Ors= 919.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 507
A= 4.77

a= 815
Aa,=  3.09

Aapedictea = 3.30

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (63% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 163.82 kJ/m?
(uncertainty > 4%)
TM)q=  10.95 MPa
TMymie= 243 MPa
e =  6.69  MPa

Normalization Data Reduction
Jog= 107.66 kJ/m*

Excessive crack extension: I

TMjq= 2611 MPa
TMyime= 824  MPa
TMmean= 17.17 MPa

Estimates of initial crack size: ag1= 4.805 mm Diff:  0.004 <0.002W = 0.0200
Apg2= 4.836 mm 0.027 >0.002W = 0.0200
Aq3= 4786 mm 0.023 >0.002W =  0.0200
Aoqmean =  4.809  mm
Qualification of data
Crack extension prediction Aay= 3.09 mm (measured)
(before final adjustment)  Aageq = 3.30 mm (predicted)
Difference = 0.22 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.113651 < 1.0 — QUALIFIED

lagg-apl= 029 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 8 23 - QUALIFIED
Correlation coefficientagg fit:  0.931  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, = 4.94 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  63.1 MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-5-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 836.0 MPa
Ors= 946.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

ap= 513
ag= 472

a= 618
Aa,=  1.05

Aapredictea = 0.66

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 18113 kJ/m?
(uncertainty > 4%)
TM)q= 14.82 MPa
TMyime = 3.54  MPa
Tiean=  9.18  MPa

Estimates of initial crack size: ag1= 4745 mm Diff:  0.012 <0.002W = 0.0200
A= 4.778 mm 0.021 >0.002W =  0.0200
Aq3= 4748 mm 0.009 <0.002W = 0.0200
Aogmean = 4757  mm
Qualification of data
Crack extension prediction Aagy = 1.05 mm (measured)
(before final adjustment) ~ Aaje.q= 0.66 mm (predicted)
Difference=  -0.39 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.152064 < 1.0 — QUALIFIED

lagg-apl= 041 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 20 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 12 23 - QUALIFIED
Correlation coefficient agg fit:  0.899  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 4.87 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  91.3  MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-5-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 836.0 MPa
Ors= 946.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 512
A= 474

a= 631
Aay= 119

Aapedictea = 0.74

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 184.05 kJ/m?
(uncertainty > 4%)
TMjq= 13.27 MPa
TMjme=  3.10 MPa
TMiean= 818  MPa

Normalization Data Reduction
Ja= #N/A Kk/m?

TMjq= #DIV/0! MPa
™, #DIV/0!  MPa
TMmean = #DIV/O! MPa

Estimates of initial crack size: ag1= 4785 mm Diff:  0.002 <0.002W = 0.0200
Apg2= 4.807 mm 0.020 <0.002W = 0.0200
aq3= 4770 mm 0.017 <0.002W = 0.0200
Aogmean =  4.788  mm
Qualification of data
Crack extension prediction Aagy = 1.19 mm (measured)
(before final adjustment) ~ Aajeq= 0.74  mm (predicted)
Difference=  -0.45 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.134784 < 1.0 — QUALIFIED

lagg-apl= 037 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 20 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 12 23 - QUALIFIED
Correlation coefficient agg fit:  0.910 <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 4.88 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  81.8 MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-5-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 836.0 MPa
Ors= 946.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

ap= 511
ag= 474

a= 667
Aa,= 156

Aapredicted = 1.46

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (32% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 169.96 kJ/m?
(uncertainty > 4%)
TMjq = 6.83 MPa
TMyme = 1.42  MPa
Tean = 4.13  MPa

Normalization Data Reduction
Jo= 12997 Kki/m?

Excessive crack extension: I

TMjq= 2278 MPa
TMyime= 648  MPa
TMmean=  14.63 MPa

Estimates of initial crack size: 1= 4765 mm Diff: 0.016 <0.002W = 0.0200
Apg= 4.812 mm 0.031 >0.002W =  0.0200
Aq3= 4765 mm 0.015 <0.002W = 0.0200
Aogmean = 4.780 mm
Qualification of data
Crack extension prediction Aagy = 1.56  mm (measured)
(before final adjustment)  Aageq = 1.46  mm (predicted)
Difference=  -0.11 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.073182 < 1.0 — QUALIFIED

lagg-apl= 037 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 19 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 12 23 - QUALIFIED
Correlation coefficient agy fit:  0.887  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 4.89 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  42.1  MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-5-4
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 836.0 MPa
Ors= 946.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

ap= 512
ag=  4.80

a= 754
Aa,= 242

Aapredicted = 2.53

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (50% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 196.84 kJ/m?
(uncertainty > 4%)
TM)q= 1577 MPa
TMjme=  3.85  MPa
TMiean=  9.81  MPa

Normalization Data Reduction
Joa= 169.65 kJ/m*

Excessive crack extension: I

TMjq= 2393 MPa
TMyime=  6.66 MPa
TMmean= 15.30 MPa

Estimates of initial crack size: ayg1= 4.807 mm Diff:  0.017 <0.002W = 0.0200
Apg2= 4.849 mm 0.025 >0.002W = 0.0200
Aq3= 4.816 mm 0.008 <0.002W = 0.0200
Aoqmean =  4.824  mm
Qualification of data
Crack extension prediction Aay= 242  mm (measured)
(before final adjustment)  Aageq = 2.53  mm (predicted)
Difference = 0.12 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.153338 < 1.0 — QUALIFIED

lagg-apl= 033 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 12 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 8 23 - QUALIFIED
Correlation coefficientagy fit:  0.946  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 4.88 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  97.2  MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-5-5
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 836.0 MPa
Ors= 946.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

ap= 511
ag= 478

a= 781
Aa,= 270

Aapredicted = 2.87

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (55% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 181.24 kJ/m?
(uncertainty > 4%)
TMjq= 1474 MPa
TMyme = 3.52  MPa
Tiean = 9.13  MPa

Normalization Data Reduction
Jo= 12226 Kk/m?

Excessive crack extension: I

TMjq= 29.19 MPa
TMyime=  9.77  MPa
TMmean=  19.48 MPa

Estimates of initial crack size: ag1= 4793 mm Diff:  0.001 <0.002W = 0.0200
Apg2= 4.821 mm 0.027 >0.002W = 0.0200
Aq3= 4769 mm 0.025 >0.002W = 0.0200
Aoqmean = 4794  mm
Qualification of data
Crack extension prediction Aay= 270 mm (measured)
(before final adjustment)  Aageq = 2.87 mm (predicted)
Difference = 0.17 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.15124 <1.0 — QUALIFIED

lagg-apl= 033 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 11 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 8 23 - QUALIFIED
Correlation coefficient agg fit:  0.952  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 4.89 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  90.9 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = fatigue precrack

Specimen Information
Type = PCCv
Identification = CN-4-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 846.0 MPa
Ors= 955.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 499
= 5.1

a= 828
Aa,=  3.29

Aapredictea = 3.06

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 176.29 kJ/m?
(uncertainty > 4%)
TMjq = 9.73 MPa
TMyme = 2.14  MPa
TMiean= 593 MPa

Normalization Data Reduction
Jog= 12557 Kki/m?

Excessive crack extension: I

TMq= 2361 MPa
TMyime=  6.95 MPa
TMmean=  15.28 MPa

QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4.881 mm Diff:  0.004 <0.002W = 0.0200
Apg2= 4.892 mm 0.007 <0.002W = 0.0200
3= 4.881 mm 0.003 <0.002W = 0.0200
Aoqmean =  4.885 mm
Qualification of data

Crack extension prediction Aay= 329 mm (measured)
Aapreq = 3.06 mm (predicted)

Difference= -0.23 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.103481 < 1.0 — QUALIFIED

lagg-aol= 012 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 5 <8 — DATA SET NOT ADEQUATE
# of data between 0.4),and J 4 23 - QUALIFIED
Correlation coefficient agg fit: ~ 1.000  20.96 —> DATA SET ADEQUATE
Data points distribution : VALID

Number of qualified data points : NOT VALID

Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.01 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  61.2 MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = fatigue precrack

Specimen Information
Type = PCCv
Identification = CN-4-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804.1 MPa
v= 0.3
oys= 846.0 MPa
Ors= 955.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 4.89
A=  4.94

a=  6.02
Aa,= 114

Aapedictea = 0.59

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 161.37 kJ/m?
(uncertainty > 4%)
TM)q= 1430 MPa
TMyime = 3.38  MPa
TMiean= 884  MPa

Normalization Data Reduction
Jog= 106.64 kJ/m*

Excessive crack extension: I

TMjq= 32.07 MPa
TMyime = 12.51  MPa
TMmean = 22.29  MPa

Estimates of initial crack size: ag1= 4.963 mm Diff:  0.003 <0.002W = 0.0200
Apg2= 4.965 mm 0.005 <0.002W = 0.0200
3= 4952 mm 0.008 <0.002W = 0.0200
Aoqmean = 4.960 mm
PCCv
Qualification of data

Crack extension prediction Aagy = 1.14  mm (measured)
Aageq= 0.59  mm (predicted)

Difference=  -0.55 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C,= 0.161578 < 1.0 — QUALIFIED

lagg-apl= 005 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 18 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 11 23 - QUALIFIED
Correlation coefficient agg fit:  0.921  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.11  mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  90.0 MPa<Sy - QUALIFIED

mm

mm

mm




Force (kN)
o

w

J-integral (kJ/m?)

B )-""‘-‘.‘.‘.‘
/.’. ...-.~.~
’_/' S
L /% a\.
4 ~°"‘.
g d]
//
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Crack Mouth Opening Displacement (mm)
300
250 ,
I
I
I
I
200 )
]
I
Ja :
150 |
'
1
1
[
100 '
'
o Experimental data
50 e Qualified data

1

1

! A

! Alimit

0.5

1 1.5 2
Crack extension (mm)



Normalization Data Reduction (NDR) Technique

O Experimental data

@ Qualified data

(zw/ 1) 1eadaur-r

Crack extension (mm)

(zw/ry) jesSayu-r

Crack extension (mm)



TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = fatigue precrack

Specimen Information
Type = Cv-SN
Identification = CN-4-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 846.0 MPa
Ors= 955.0 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 450
a= 4.15

a= 629
Aay= 179

Aapredicted = 137

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= 183.74 KkJ/m?
(uncertainty > 4%)
TMjq= 2234 MPa
TMyime=  6.05  MPa
TMiean = 1420 MPa

Normalization Data Reduction
Jog= 13820 KkJ/m?

TMq= 31.80 MPa
TMyime=  10.88  MPa
TMmean=  21.34 MPa

Estimates of initial crack size: ag1= 4496 mm Diff:  0.004 <0.002W = 0.0200
Apg2= 4.504 mm 0.004 <0.002W = 0.0200
aq3= 4.500 mm 0.000 <0.002W = 0.0200
Aoqmean =  4.500 mm
Qualification of data
Crack extension prediction Aagy = 1.79  mm (measured)
(before adjustment)  Aayeq = 137  mm (predicted)
Difference=  -0.42 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.231228 < 1.0 — QUALIFIED

lagg-al= 035 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 3 <8 — DATA SET NOT ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficient agg fit:  0.963  20.96 —> DATA SET ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 5.50 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  140.7 MPa<Sy - QUALIFIED
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Normalization Data Reduction (NDR) Technique
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ANNEX 4

Classic HIP, supported



TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CS-4-1

Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 841.0 MPa
Ors= 9520 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

= 502
A= 492

a= 703
Aa,= 201

Aapredicted = 1.71

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (40% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 190.29 kJ/m?
(uncertainty > 4%)
TMjq= 1835 MPa
TMyime=  4.65 MPa
TMiean = 11.50  MPa

Normalization Data Reduction
Jo= 12136 Kki/m?

Excessive crack extension: I

TMq= 30.45 MPa
TMyime= 10.61  MPa
TMmean = 20.53 MPa

Estimates of initial crack size: ag1= 5.012 mm Diff:  0.008 <0.002W = 0.0200
Apg2= 5.016 mm 0.004 <0.002W = 0.0200
Aq3= 5.032 mm 0.012 <0.002W = 0.0200
Aogmean =  5.020 mm
Qualification of data
Crack extension prediction Aay=  2.01 mm (measured)
(before final adjustment)  Aageq = 1.71  mm (predicted)
Difference=  -0.29 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, = 0.184167 < 1.0 — QUALIFIED

lagg-aol= 011 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 13 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 8 23 - QUALIFIED
Correlation coefficient agy fit:  0.859  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, =  4.98 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  114.5 MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CN-4-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 841.0 MPa
Ors= 9520 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 501
ag= 478

a= 747
Aa,= 246

Aapredicted = 2.59

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (49% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 156.38 kJ/m?
(uncertainty > 4%)
TMjq= 16.63 MPa
TMyme= 410  MPa
TMiean = 1036 MPa

Normalization Data Reduction
Jog= 17007 KkJ/m*

Excessive crack extension: I

TMjq= 1929 MPa
TMyime= 497 MPa
TMmean= 12.13  MPa

Estimates of initial crack size: ayg1= 4.853 mm Diff:  0.013 <0.002W = 0.0200
Apg2= 4.831 mm 0.009 <0.002W = 0.0200
Aq3= 4.834 mm 0.005 <0.002W = 0.0200
Aoqmean = 4.839  mm
Qualification of data
Crack extension prediction Aa,= 246 mm (measured)
(before final adjustment)  Aageq = 2.59  mm (predicted)
Difference = 0.13 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.190531 < 1.0 — QUALIFIED

lagg-aol= 023 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 13 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 7 23 - QUALIFIED
Correlation coefficient agy fit:  0.861  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentby, = 4.99 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  103.7 MPa<Sy - QUALIFIED
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TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = CS-4-3

Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 841.0 MPa
Ors= 9520 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

= 516
ag= 487

a= 700
Aa,= 184

Aapredicted = 1.97

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (38% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jg= 185.65 kJ/m?
(uncertainty > 4%)
TMjq= 16.74 MPa
TMyime= 414  MPa
TMmean = 10.44 MPa

Normalization Data Reduction
Jog= 200.67 kJ/m*

Excessive crack extension: I

TMjq= 27.08 MPa
TMyime=  7.85  MPa
TMmean = 17.46 MPa

Estimates of initial crack size: 1= 4934 mm Diff:  0.023 >0.002W = 0.0200
Apg2= 4.908 mm 0.003 <0.002W = 0.0200
Aq3= 4.892 mm 0.019 <0.002W = 0.0200
Aogmean = 4911 mm
Qualification of data
Crack extension prediction Aagy = 1.84  mm (measured)
(before final adjustment)  Aageq = 1.97 mm (predicted)
Difference = 0.12 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C, = 0.170757 < 1.0 — QUALIFIED

lagg-aol= 029 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 13 >8 — DATA SET ADEQUATE
# of data between 0.4),and J 8 23 - QUALIFIED
Correlation coefficientagg fit:  0.892  <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID
Qualification of Jq as Ji.
ThicknessB = 10.00 mm > 10JQ/Sy - QUALIFIED
al ligamentb, = 4.84 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aag:  104.4 MPa<Sy - QUALIFIED
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ANNEX 5

Super-f transus HIP, non-supported



TEST REPORT

QUALIFICATION OF DATA

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = BN-5-1
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 885.0 MPa
Ors= 9850 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 505
A= 4.76

a=  7.92
Aa,= 288

Aapredicted = 2.38

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (58% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance

Jo= 64 ki/m?
(uncertainty > 4%)
TMq= 054 MPa

TMyime = -0.08  MPa
TMmean= -0.31  MPa

Normalization Data Reduction
Ja= 53.05 ki/m?

Excessive crack extension: I

TMp= 3.18 MPa
TMyime= 057  MPa
TMmean=  1.88  MPa

Estimates of initial crack size: ag1= 4742 mm Diff:  0.005 <0.002W = 0.0200
Ag2= 4.766 mm 0.019 <0.002W = 0.0200
3= 4734 mm 0.013 <0.002W = 0.0200
Aogmean = 4747  mm
Qualification of data

Crack extension prediction Aagy =
(before final adjustment)  Aageq =
Difference =

2.88  mm (measured)
2.38  mm (predicted)

-0.50 mm

PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C, =

| Qoq - Ao | =

# of data available to calculate ag, :
# of data between 0.4),and J
Correlation coefficient a fit :

Data points distribution :
Number of qualified data points :

-0.01344 <1.0
0.28 mm
8 >8
5 23
0970 >0.96
VALID
NOT VALID

- QUALIFIED
- DATA SET ADEQUATE
— DATA SET ADEQUATE
- QUALIFIED
—> DATA SET ADEQUATE

cation of Jq as J,c [NDR analysis]

ThicknessB = 10.00
amentb, =  4.95
Regression line slope in Aaq : 21.6

al

mm > 10 JQ/Sy
mm > 10JQ/Sy
MPa < Sy

- QUALIFIED
- QUALIFIED
— QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = BN-5-2
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
av= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 885.0 MPa
Ors= 9850 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 505
ae= 485

a= 789
Aa,= 284

Aapredicted = 2.88

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm
mm
mm
mm (57% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance
Jo= N/A ki/m?

T™Mq= N/A  MPa
Tjime=  N/A MPa

TMmean= N/A  MPa

Normalization Data Reduction
Ja= 53.68 ki/m*

Excessive crack extension: I

TMq= 595 MPa
TMyime= 123 MPa

TMmean= 3.59  MPa

(o) 22104
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = BN-5-3
Orientation = N/A

Basic dimensions
B= 10.00 mm
By = 8.00 mm
W= 10.00 mm
a= 3 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 885.0 MPa
Ors= 9850 MPa

Basic Test Information
Loading Rate =
Test temperature = 21

Crack Size Information

a= 504
ae= 4.78

a= 800
Aay=  2.96

Aapredicted = 2.79

Analysis of Results

MPaVm/s (linear elastic portion)
°C

mm (60% of uncracked ligament)

mm

Fracture type = stable tearing

Elastic Unloading Compliance

Jo= 69.90 ki/m?
T™,q= -393 MPa
TMyime = 051  MPa
TMpean = -2.22  MPa

Normalization Data Reduction
Jo= 4694 Kk/m?

Excessive crack extension: I

M= 441 MPa
= 085 MPa
TMpean= 2.63  MPa




QUALIFICATION OF DATA

Estimates of initial crack size: ag1= 4773 mm Diff: 0.009 <0.002W= 0.0200 mm
Apg= 4.807 mm 0.025 >0.002W = 0.0200 mm
3= 4765 mm 0.016 <0.002W = 0.0200 mm
Aoqmean =  4.782  mm
Qualification of data
Crack extension prediction Aay= 296 mm (measured)
(before final adjustment)  Aajeq= 279  mm (predicted)
Difference=  -0.18 mm PREDICTION NOT ACCEPTABLE

Jq - Qualification of data

Power coefficient C; = -0.09049 < 1.0 —> QUALIFIED
lagg-aol= 026 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 13 28 —> DATA SET ADEQUATE
# of data between 0.4J;and J; 9 23 - QUALIFIED
Correlation coefficient agg fit:  0.955 <0.96 — DATA SET NOT ADEQUATE
Data points distribution : NOT VALID
Number of qualified data points : VALID

Qualification of Jq as J. [NDR analysis]

ThicknessB = 10.00 mm >10JQ/Sy - QUALIFIED
Initial ligamentb, =  4.96  mm >10JQ/Sy - QUALIFIED
Regression line slope in Aag:  30.0 MPa<Sy - QUALIFIED
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TEST REPORT

Material
Designation = Ti64 AM
Notch = Fatigue precrack

Specimen Information
Type = PCVN
Identification = BN-5-4
Orientation = N/A

Basic dimensions
B= 10.00 mm

By = 8.00 mm
W= 10.00 mm

Tensile Properties
E= 128804 MPa
v= 0.3
oys= 885.0 MPa
Ors= 9850 MPa

Basic Test Information

Loading Rate = MPaVm/s (linear elastic portion)

Test temperature = 21 °C
Crack Size Information
ap = 5.05 mm
A= 478 mm
ag= 8.15 mm
Aa,y = 3.10 mm
3.01 mm

Aapredicted =

Analysis of Results
Fracture type = stable tearing

Elastic Unloading Compliance Normalization Data Reduction
51.93  ki/m?

o= 7564 ki/m? Jo=
Excessive crack extension: I

(uncertainty > 4%)
TMyy= -484 MPa ™M= 617 MPa
130 MPa

TMjjmt=  -0.63  MPa
TMpean = -2.73  MPa TMmean= 3.74  MPa




QUALIFICATION OF DATA

Estimates of initial crack size: 1= 4771 mm Diff: 0.012 <0.002W = 0.0200
Apg= 4.802 mm 0.019 <0.002W = 0.0200
Aqs= 4776 mm 0.007 <0.002W = 0.0200
Aoqmean =  4.783  mm
Qualification of data
Crack extension prediction Aay= 310 mm (measured)
(before final adjustment)  Aajeq= 3.01  mm (predicted)
Difference= -0.09 mm (PREDICTION ACCEPTABLE)

Jq - Qualification of data

Power coefficient C; = -0.10433 < 1.0 —> QUALIFIED
lagg-aol= 027 mm - DATA SET ADEQUATE
# of data available to calculate ag, : 14 28 —> DATA SET ADEQUATE
# of data between 0.4J;and J; 11 23 - QUALIFIED
Correlation coefficient agg fit:  0.940 <0.96 — DATA SET NOT ADEQUATE
Data points distribution : VALID
Number of qualified data points : VALID

Qualification of Jq as Ji.

ThicknessB = 10.00 mm >10JQ/Sy - QUALIFIED
Initial ligamentb, = 4.95 mm>10JQ/Sy - QUALIFIED
Regression line slope in Aaq:  41.9 MPa<Sy - QUALIFIED
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