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U TRRABXTHEHEXCERA ITAEF 2R T,

c(peak) BAEEAME TCOREY F X

size of cementite at maximum principal stress

point
He - BALELBEAXZFEE(EFEKRKFTHIELEREZTER

BRIZBWTHELRZVWEZ OKERE)
maximum diffusible hydrogen content among
unfractured specimens in constant loading test
Hc*(ave.) MR AEBE KRB E HcezF TH5ARAFOBET
BERY =N O LB E KRR E
average diffusible hydrogen content in
fracture process zone in sample with Hec
Hc*(element):[R RIL B E K KRR E Hc 2F 7R B F ITBT
P2H5EROIEBMEKRKEKE
diffusible hydrogen content of each element
used in FE-analysis
Hc*(peak) :MRAIEBMMEAKFRE Hec 2F 75 R A A OE
BHEXKKTREOK KE
peak value of hydrogen content distribution
, in sé.mple with Hec
H, R Mk KR

diffusible hydrogen content in specimen
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H.*(ave.)

H,*(ave.)

H,*(peak)

Kt

Y/

EMEARINEZIARBRCBOTHBT LER D
Dk B E |

minimum diffusible hydrogen content in
fractured samples in constant loading test
B KERBE HE2E 75 BR A OME ok
YR OEHIEBEKERE

average diffusible hydrogen content in
fracture process zone in sample with H;
AT TUAXEEBR THRELERARFF O & KFE
B E

diffusible hydrogen contents in fracture
samples by stepwise test
B EKXKEREH 25 I2RBR A OWE LR
YoVRAODOE I B EKERE

average diffusible hydrogen content in
fracture process zone in sample with H,
IR K B E H,REH TAR BTN O Bk
REEOKR KE

peak value of hydrogen content distribution in
sample with H|
s 1 R

stress concentration factor
IAT NV R AT A—F

Weibull shape parameter
AR DR R E R B

reference volume of fracture unit



AV

c(ave.)

0'ef("

Oy

o,(peak)

HE e RYS DB

volume of fracture process zone
Hl R DK R OIS ENMKE

partial molar volume of hydrogen in a-Fe
KRB NICBIDKBLIS N OF E 0 &

effect ratio of hydrogen to stress iﬁ hydrogen
embrittlement
RRAFERDIMEEOEHARIEA

average applied stress at minimum cross
sectional area
BT RAY - NOBMBCFEEIT5FHK A
effective stress for fracture in fracture

process zone

BEAKER A

hydrostatic stres.s
B AKRER SR KE

peak value of hydrostatic stress

Ac,(element): & ER OB AKEIS H LRB A IR 4B 0% A

GnB

E s o=

.difference between hydrostatic stresses in
each element used in FE-analysis and
unnotched region of test piece

IR E5 RS

tensile strength of notched specimen
B F M ES S

principal stress in axial-direction

-vi-



G,(peak)

RERXERSNE
peak value of ©principal stress in axial

direction

G, (element) : & E R O# 5 £ L 7

Z:W,Cr

principal stress 1in axial-direction in weach
element used in FE-analysis
TATNVR ERNRTA—X

Weibull scale parameter
AT NV S

Weibull stress ‘
HBERABFEDOIATVIE N

critical Weibull stress at brittle fracture
TOATNR ENRFA—X

Weibull scale parameter in the Beremin model
considering effect of hydrogen content
distribution
Kk REES A OEBEEE L Beremin EF AT
BISZKBENRAFEOKFE X KM TA
—

evaluation parameter for «critical hydrogen

.embrittlement condition by the Beremin model

considering effect of hydrogen content

distribution
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KRENEBERER—EOLED, B HEDOHEND
BEKFENEZTETFMAATA-ZF,

stress parameter for hydrogen embrittlement
susceptibility evaluation by the Beremin model
considering effect of hydrogen conteht
distribution when probability of hydrogen

embrittlement fracture is constant
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Table 1.1 Classification of delayed fracture in broad sense?

Hydrogen
Embrittlement (HE)

Environmental
Embrittlement

Delayed fracture of high strength
bolts in atmospheric environment
and prestressed steels in concrete
poles

(Internal HE)

Hydrogen Gas Embrittlement
(External HE)

Sulphide Stress Corrosion
Cracking of oil well tubulars
(SSCC, SCO)

Delayed fracture in
narrow sense
(Hydrogen Assisted
Cracking, HAC)
(Hydrogen Stress
Cracking, HSC)
(Hydrogen
Cracking, HC)

Classical
Embrittlement

Brittle fracture caused by plating
a metal

Brittle fracture caused by
pickling

Cold cracking in welds

Season cracking in quenched
steels

Hydrogen Blistering

Hydrogen Induced Cracking
(HIC) in line pipes

Hydrogen Reaction
Embrittlement

Hydrogen attack

Stress Corrosion

Season cracking in brasses

Cracking (SCC) Intergranular fracture in stainless
steels

Liquid Metal High temperature brittle fracture

Embrittlement (LME) in steel with Cd plating




Table 1.2 Terms for mechanical property degradation of steels caused by
hydrogen®. S

Tensile strength level of steel Term

Ultra high strength (TS=980MPa)  |Delayed fracture

Sulphide cracking
High strength (980MPa>TS =490MPa) {Sulphide corrosion cracking
Sulphide stress corrosion cracking

Hydrogen cracking

Hydrogen embrittlement

Normal strength (490MPa >TS) Hydrogen induced embrittlement
Hydrogen induced cracking

Blister

B9 [
Q g .................. o
g A Hydrogen |-, "'QQ{?.
= Cracking | -- 27
> = &
(=R D N D
m .................
=] .*."| Sulphide
1) .| Cracking
o) /‘6 < DA PR
e 1 TV Ngee—do
s, G N,
> = Qoé. .................
an i 2

by © « -.-.{ Delayed

E . :.] Fracture

o S

50(490) 100(981)
Tensile strength / kgf/mm? (MPa)

Fig. 1.1 Classification of mechanical property degradation of steels caused by
hydrogen®.
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Table 1.3 Methods of suppressing delayed fracture in ultra high strength steels.

Viewpoint Means
Reduction of content of elements (Mn, P, etc.) which cause
intergranular fracture on prior austenite grain boundaries 5%
Restraint of carbide precipitation on prior austenite grain boundaries by
transformation from austenite to lower bainite’®
Suppression of

intergranular fracture

Reduction of prior austenite grain boundaries by ferrite precipitationl D

Control of shape and distribution of carbides on prior austenite grain
boundaries' >

Austenite grain refining 6.8,16)

Suppression of
diffusion and
accumulation of
hydrogen

Hydrogen traping by various precipitates, for example VC or TiC'"*!

Increase of dislocations as hydrogen trap sites near surface of parts by
shot peening 22) '

Prevention of hydrogen
intrusion

Blocking hydrogen intrusion into steels by Ni-enriched layer on surface
of partsn)

Addition of compressive stress at surface of parts by shot peening24)

Reduction of stress
concentration

Optimization of shape of high tension bolts” 26)
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Table 1.4 Conventional evaluation methods for delayed fracture.

(a) Delayed fracture evaluation method for ultra high strength steels proposed to JIS2?,

Criteria Critical fracture stress, Fracture stress at time after test starts
Specimen Rectangular specimen with notch
dimensions Dimensions of specimen (unit : mm)

<~ 45°,
-L \\ // -
. SENpEEpE. VA
g L _RrR=o01 1_10
< 7 Y -
: ! above 70 '

Test conditions

Constant stress is applied to specimens. Hydrogen is charged in
specimens by soaking in acid during the tests.

+ Acid : Aqueous solution containing HCI and CH;COONa,
pH=2
* Load : Constant stress of various levels by bending

* Testing time : Max. 240h even if specimen does not fracture

Problems

1. Influence of dynamic conditions (ex. specimen dimensions, applied
stress conditions) on evaluation results

2. Differences between influence of corrosion conditions on test and
atmospheric corrosion conditions on evaluation results (One thesis
concluded that evaluation results of various steels by this method do
not correspond to evaluation results of weathering tests.)

~ (b) Method standardized by FIP (Federation Internationale de la Précontrainte)zs) .

Criteria Critical fracture stress, Fracture stress at time after test starts
Spemmgn Prestressed steels with length over 300mm
dimensions

Test conditions

Constant load is applied to specimens while charging hydrogen by
soaking in alkali during tests.

- Alkali . Aqueous solution containing 20% NH,SCN.
+ Testing temperature : 323K

* Length of part soaked in the solution : 200mm

+ Load : Constant stress of various levels by tension

+ Testing time : Max. 200h even if specimen does not fracture.

Problems

1. Influence of dynamic conditions (ex. specimen dimensions, applied
stress conditions) of the test on evaluation results

2. Corrosion conditions in test are very different from atmospheric
corrosion conditions.




Table 1.4 Conventional evaluation methods for delayed fracture.

(c) SSRT (Slow Strain Rate Technique) method®®.

Critical fracture stress, Fracture stress at a time after test starts

Criteria
Specimen . .

P . Depending on aims of test
dimensions

Test conditions

Tensile test is conducted with special low strain rate of about 10-6/s.

Hydrogen is charged by various methods as follows

» Cathode hydrogen charging during test

* Soaking in various solutions during test

+ Cathode hydrogen charging before tensile test (hydrogen evolution is
protected by plating of Cd or Zn.)

Problems 1. Influence of dynamic conditions (ex. specimen dimensions, applied
stress conditions) of the test on evaluation results
2. Influence of strain rates on evaluation results
(d) Method proposed by Kushida3?.
Criteria Critical fracture stress > Stress applied to bolts
(Sipecim'en Round bar specimen with circumferential notch
1Mensions Dimensions of specimen : R =0.1
. 142 |~
(Unit : mm)

Stress concentration factor : 5

Test conditions

Constant load is applied to specimens after hydrogen cathode charging.

+ Conditions of hydrogen cathode charging
0.1mA/cm as hydrogen permeation factor

Diffusible hydrogen content of about 0.1ppm
Ex. In 3%NaCl aqueous solution, -1500mV vs Ag/AgCl electrode

* Load and testing time
: Constant load for 200h.
Increase of 100MPa if specimen does not fracture in 200h.

This process is repeated until specimen fractures.

* Definition of critical fracture stress
: Average stress between maximum unfractured stress and
minimum fractured stress

Problems

Influence of dynamic conditions of the test on evaluation results




Table 1.4 Conventional evaluation methods for delayed fracture.

(e) Method proposed by Yamasaki and Takahashi!?).

Criteria

Critical diffusible hydrogen Diffusible hydrogen content
content obtained by hydrogen >  absorbed in a specimen obtained
embrittlement test by cyclic corrosion test

Hydrogen embrittlement test

Specimen
dimensions

Round bar specimen with circumferential notch

Dimensions of specimen : 24 li‘ 0.25

e i R == 10 +-—-—- =

A 4

Stress concentration factor : 3.5 £60%%,

Test
conditions

Constant stress is applied to specimen, after hydrogen is charged and Cd
is plated to protect hydrogen evolution.
* Conditions of cathode hydrogen charging
Solution : Aqueous solution containing 3%NaCl 1L+ NH3SCN 3g
Hydrogen content : Various contents controlled by current density
and charging time
Current density : 0.05~1.00mA/cm?
Hydrogen charging time : 6~24hr
+ Conditions of Cd plating
Cd(BF,) : 240g/L, NH4(BF,), : 60g/L, H3;BO, : 27g/L
Voltage : 4~6V
* Load
: 0.9 times tensile strength of a round specimen without a notch
* Definition of critical diffusible hydrogen content

: Maximum diffusible hydrogen content among unfractured
specimens

Cyclic corrosion test

Specimen
dimensions

No information

Test
conditions

Spraying 5mass% NaCl water solution on specimen for 30 days
by cycle described below:
100 T T T 70°C T
80 60%RH
60

/

-20°C \
A0 o RIVL"SO°C
20 95%RH
o/
201-20C/
freeze 5% NaCl dry — wet

0 4 8 12 16 20 24
Time / h

Temperature / °C

Hydrogen content is measured by thermal desorption analysis
after removing rust by sand blasting

Problems

Influence of dynamic conditions of the test on evaluation results
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Fig. 1.2 Hydrogen embrittlement evaluation result by maximum hydrogen content
and maximum stress in axial-direction3D.
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Fig. 1.3 Schematic diagram of ideal hydrogen embrittlement evaluation result
by method to be established in this study.
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Table 2.1 Chemical composition of steel used. (mass%)

C Si Mn P S Cr Mo | Fe
0.40 | 0.24 | 0.81 | 0.020 | 0.007 | 1.03 | 0.16 | bal.
1500 T T T T T T T T T T T T T T
g 1000 [ -
P ! ]

192]
= L .
|
E 500H -
=]
Z 1 4
0 1 1 pree—-y 1 1 I 1 1 1 1 1 1 L
0 0.05 0.1 0.15

Nominal strain

Fig. 2.2 Nominal stress — nominal strain curve of steel used.
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Fig.2.3 Specimen used in constant load hydrogen embrittlement tests .
(unit : mm)

Table 2.2 Conditions of hydrogen embrittlement tests and maximum
diffusible hydrogen content among unfractured specimens.

(Hc; mass ppm)
Stress concentration factor Kt
2.1 33 4.9 6.9
0.33 0.52 0.34
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1. Cathode hydrogen charge : In 3mass% NaCl solution, 0.1mA/cm? j

2. Cd plating

o o

3. Hombgenization of hydrogen : 24h

4. Loading

‘o le

-

6. Hydrogen thermal desorption analysis
Analyzer : Quadru-pole mass spectrometer (Q-mass)
Heating rate :100K/h
Diffusible hydrogen : Desorbed H; up to 573K

5. Removal of Cd plating ]

Fig. 2.4 Procedure of constant load hydrogen embrittlement test4.
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Fig. 2.5 Typical example of hydrogen evolution rate curve.
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Fig. 2.6 Configuration of specimen used in hydrogen embrittlement
tests with acoustic emission (AE) measurement. (unit: mm)
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Fig. 2.7 Effect of stress concentration factor (=Kt) on Hp-t curves
at applied stress of 0.60c 5.
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Fig. 2.8 Effect of stress concentration factor (=Kt) on Hp-t curves
at applied stress of 0.47c 5.
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Fig. 2.9 Effect of applied stress on Hy-t curves under Kt =4.9.
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Notch root

Fig. 2.10 Example of fracture surface obtained by constant load hydrogen embrittlement
test. Test conditions were Kt = 4.9, applied stress = 0.60c,,5 and diffusible
hydrogen content = 0.47ppm. Time to fracture was 1.1min. (a) shows the the
whole fracture surface. (b) and (c) are magnified micrographs of the regions of an
intergranular fracture and a quasi-cleavage fracture, respectively. Fracture
surfaces obtained by the HE susceptibility test in this study were composed of
intergranular fractures, quasi-cleavage fractures, and micro-void coalescence.



(a) (b)
Conditions Conditions’
Kt=4.9 Kt =4.9 MVC +1G
c(ave.) c(ave.)
=0.600,p | =0.47Cp
t =1.Imin t =2.2min
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(©) (d) 0
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Fig. 2.11 Schematic illustration of fracture surfaces under various applied stress
conditions at Kt =4.9.
o(ave.): applied stress, t: time to fracture, Hp: diffusible hydrogen content
IG: Intergranular, QC: Quasi-cleavage,
MVC: Multiple void coalescence (=dimple).
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Fig. 2.12 Effect of applied stress under Kt = 4.9 on (a) distribution of principal
- stress in axial-direction and hydrostatic stress and (b) principal strain
in axial-direction. \
op : principal stress in axial-direction (without solid mark).
oy, : hydrostatic stress (with solid mark ).
¢ : principal strain in axial-direction.
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Fig. 2.13 Effect of Kt under applied stress = 0.60cns on (a) distribution of
principal stress in axial-direction and hydrostatic stress and (b)
principal strain in axial-direction.
op : principal stress in axial-direction (without solid mark).
oy, : hydrostatic stress (with solid mark ).

g : principal strain in axial-direction.



Nptch root Shear lip

Notch root ¢, Shear lip

Fig. 2.14 Difference of fracture surfaces between samples at (a) Kt = 4.9 and (b) Kt = 2.1.
Applied stress of both specimens is 0.60c,5. Shear lip width of the specimen at
Kt =4.9 is approximately 100 to 150pum and that of the Kt = 2.1 specimen is
approximately 350 to 450pm.
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Notch root
Area of hydrogen cracking Shear lip

(c)

L=310pm L=230pum

Fig.2.15 SEM micrographs of No.4 specimen in Fig. 2.17, showing location of
hydrogen cracking. The specimen was fractured by tension at 173K after
hydrogen cracking was generated and then hydrogen was desorbed by annealing
at 873K for 1h.

(a) shows the whole fracture surface and (b) is a magnified micrograph of the
region marked in white in (a) including the hydrogen cracking area. (c) shows a
magnified micrograph of the area marked in white in (b). The distance (L)
between the hydrogen cracking area and the notch root ranges from 230um to 310

pm.
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Fig. 2.16  SEM micrographs of No. 2 specimen in Fig. 2.17, showing location of the
hydrogen cracking. The specimen was fractured by tension at 173K after
hydrogen cracking was generated and then hydrogen was desorbed by annealing
at 873K for 1h.

(b) shows a magnified micrograph of the area marked in white in (a).
The distance (L) between the hydrogen cracking area and the notch root ranges
from 156pum to 231 pm.

—— : Location of hydrogen cracking area
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Fig. 2.17 Relationship between locations of hydrogen cracking area and
distribution of principal stress in axial-direction (cp) and hydrostatic stress
(on). Hydrogen cracking was detected by acoustic emission and its
location was confirmed by SEM in 4 samples with Kt=3.3 and applied
stress = 0.60cuB.
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Fig. 2.18 Crack initiation and propagation in specimens under conditions of (a)
Kt =4.9 and applied stress = 0.40c,; and (b) Kt = 4.9 and applied
stress = 0.600 5.
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Fig.2.19 Count of AE signals during constant loading hydrogen embrittlement test
under conditions of Kt = 4.9, applied stress = 0.6004s, and diffusible
hydrogen content in specimen = 0.16 ppm. The first crack initiates at 6min
from the start of the test and the specimen fractures at 95min. The
experimental results for this specimen were shown in Fig. 2.18(b).
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Fig. 3.1 Diffusible hydrogen content distribution (Hc") , principal stress distribution

in axial-direction (o), and hydrostatic stress distribution (c;) near notch root.
Applied stress is 0.60c,p, stress concentration factor (Kt) is 4.9, and hydrogen

content is 0.11ppm in this case.
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cp(peak) : Peak value of principal stress distribution in axial-direction.
Hc"(peak) : Peak value of hydrogen content distribution in specimen with He.
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Fig. 3.6  Principal stress distributions in axial-direction (c,) with different stress
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Fig. 4.1 Relationship between Weibull stress (o) and He*(ave.). For the
calculation of Gy, a shape parameter (m) of 16 was used and the fracture
process zone (Vi) was taken as a region where principal stress distributions
in the axial-direction exceeded 0.8c,(peak) .

Hc*(ave.) : Average diffusible hydrogen content in fracture process zone in
sample with He.

op(peak) : Peak value of principal stress distribution in axial-direction.
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Fig. 4.2 Calculation method for the hydrogen content distribution with applied
stress increment .

(a) Distribution of hydrostatic stress in vicinity of notch root of
specimen at applied stress of 702MPa calculated by FE-analysis.

(b) Approximation of hydrostatic stress distribution in hydrogen content
calculation.
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@ Cathode charging of hydrogen for t with 1A/m 2

Low stress condition : t=5h,
High stress condition : t=0.5 ~ 1h
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Cadmium plating on specimens
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Homogenization of hydrogen in specimens
(24h at ambient temperature)
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Loading of 6; MPa
Low stress condition : ¢;=702MPa
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Fig. 4.3 Procedure of stepwise hydrogen embrittlement test.
(a) Flow chart of stepwise hydrogen embrittlement test.
(b) Schematic diagram of applied stress increment during stepwise test.
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Fig. 44 Change of hydrogen content H*(t,1) during 1st step loading with applied
stress of 702MPa in stepwise test. The equilibrium hydrogen content H* (t=00,1)
is1.206 mass ppm. Initial hydrogen content of 0.5 ppm in the specimen and
hydrogen diffusion coefficient in Fe of 9 x 10”7 cm?/s were used for the
calculation.

H *(t,n) : Diffusible hydrogen content accumulated at maximum hydrostatic
stress point by n times load increment, where ‘t” denotes the loading
time in n' step test.
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Fig. 4.5 Change of hydrogen content H*(t,2) during 2nd step loading with
applied stress of 716MPa in stepwise test. H* (t=12h,1) in Fig. 4.4
was used as H* (t=0,2) . H* (t=0,2) of 1.218ppm is the equilibrium
hydrogen content at 2nd step loading.
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Fig. 4.6 Example of fracture process in stepwise test under low applied stress
condition. First cracking was detected by acoustic emission (AE). The
average diffusible hydrogen content (H) in the specimen was 0.339 ppm and
H*(ave.) was 0.845 ppm in this case.

H*(ave.) : Average diffusible hydrogen content in fracture process zone (V£)
of sample fractured in stepwise test.
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Fig. 4.7 Change of hydrogen content H*(t,1) during 1st step loading with applied
stress of 982MPa in stepwise test. The equilibrium hydrogen content H* (t=00,1)
was evaluated as 1.436 mass ppm. Initial hydrogen content in the specimen and
hydrogen diffusion coefficient in Fe were set as 0.5ppm and 9 x 107 cm?/s,
respectively. »

H *(t,n) : Diffusible hydrogen content accumulated at maximum hydrostatic
stress point by n times load increment, where ‘t” denotes the loading time in n®

step test.
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Fig. 4.8 Change of hydrogen content H*(t,2) during 2nd step loading with
applied stress of 1010MPa in stepwise test. H* (t=12h,1) in Fig. 4.7
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Fig. 4.11 Distribution of critical Weibull stress(oy,,) obtained by stepwise tests.
The H_ *(ave.) used in (a) is from 1.04 ppm to 1.14 ppm and that in (b) is
from 0.14 ppm to 0.24 ppm, respectively .
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Fig. 4.12  Evaluation results of critical hydrogen embrittlement condition by He*(ave.)
and Weibull stress (o, ). For the calculation of oy, a shape parameter m of 46
was used and the fracture process zone (Vy) was taken as a region where
maximum principal stress exceeded 0.8c,(peak) .

Hc"(ave.) : Average diffusible hydrogen content in fracture process zone
in sample with He.
op(peak) : Peak values of principal stress distribution in axial-direction.
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Fig.4.13 Relationships between Hc"(ave.) and Weibull stress (oy,) on
logarithmic plot, where R is the coefficient of correlation. o, was
calculated with a shape parameter m of 16 in (2) and m of 46 in (b). In
both cases, the fracture process zone (Vi) was over 0.8c,(peak) .

Hc"(ave.) : Average diffusible hydrogen content in fracture process zone
in sample with He.

op(peak) : Peak value of principal stress distribution in axial-direction.
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Fig. 4.15 Effect of fracture process zone (Vy) on Weibull stress (G ).
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Hc'(ave.) : Average diffusible hydrogen content in fracture process
zone in sample with Hec.
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Fig. 4.18 Evaluation results of critical hydrogen embrittlement condition by Hc*(ave.) and
Weibull stress (o), where partial molar volume of hydrogen in Fe (AV )is 1.2 x
10-°m3/mol. &, was calculated under the condition of m =46 and fracture process
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Hc"(ave.) : Average diffusible hydrogen content in fracture process zone

in sample with Hec.
op(peak) : Peak value of principal stress distribution in axial-direction.
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Fig. 5.1 Relationship between o, (peak) and H," (peak) in results of stepwise
hydrogen embrittlement test.
o, (peak) : Peak value of principal stress distribution in axial-direction.

H," (peak) : Peak value of diffusible hydrogen content distribution in specimen.
o : Data used for calculation of y in Fig. 5.2.
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Fig. 5.2 Calculated result of y and approximation curve obtained by least square
method. y was calculated on the condition that G,(peak) H,"(peak)? = constant.
The data used in the calculation are indicated in Fig. 5:1 by @. These were

selected as the minimum H*(peak) under the same o, (peak) levels in the stepwise
test results.
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Fig. 5.3 Cumulative distribution of parameter X, - in stepwise test.
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Fig. 5.4 Evaluation results of critical hydrogen embrittlement condition by Beremin
model considering effect of hydrogen content distribution. The line in the
figure is the approximation curve under the condition that Hc' is in inverse
proportion to parameter X .
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Fig. 5.5 Estimation results for probability of hydrogen embrittiement fracture of
steel used in this paper by Beremin model considering effect of hydrogen
content distribution. F denotes the probability of hydrogen embrittlement
fracture in a specimen as predicted by this model.
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Fig. 5.6 Relationship between parameter y and Weibull shape
parameter m.
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Fig. 5.7 Effect of parameter y on coefficient of correlation R
when Hc'Z =constant.
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Fig. 5.8 Effect of Weibull shape parameter m on coefficient of
correlation R when HcYE =constant under y=0.21.
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