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EFFECT OF SPECIMEN THICKNESS ON FATIGUE CRACK-GROWTH
RATE IN 5Ni-Cr-Mo-V STEEL — COMPARISON OF HEAT-TREATED
AND STRESS-RELIEVED SPECIMENS

INTRODUCTION

The use of high-strength alloys in marine structural design saves weight since material
of thinner gage may be used. Structural-integrity technology for such high-performance
structures, however, requires information concerning crack-growth fracture resistance.
Specifically, material for structures subjected to intermittent loading must be analyzed for
fatigue crack-growth rate (FCGR) both in ambient and marine environments.

Although a prolific literature exists on the subject of FCGR, surprisingly little explores
the effect of material thickness, which is recognized as a factor of major importance. The
information that does exist provides limited engineering guidance since three types of re-
sponse are documented: (a) no effect of thickness [1 — 4]; (b) growth accelerated by
increased thickness [5, 6]; (¢) growth accelerated by decreased thickness [7, 8]. Further,
little of the available information is relevant to the design of naval structures.

The information presented here systematically explores the FCGR characteristics of
5Ni-Cr-Mo-V steel in three thicknesses, 0.25, 0.50, and 0.90 in. (6.25, 12.50, and 22.50
mm}, in the as-heat-treated and stress-relieved conditions. Specimens were machined as
centercuts from a well-characterized 1.0-in. (25.4-mm) thick rolled plate of this quenched-
and-tempered alloy steel.

EXPERIMENTAL CONSIDERATIONS
Material
The BNi-Cr-Mo-V steel used for this series of tests has been extensively studied in the

0.90-in. (22.5-mm) thickness [9, 10]. Details of composition, heat treatment, and mechan-
ical properties are to be found in Tables 1 and 2.

Table 1a
Composition of 5Ni-Cr-Mo-V Steel
Element C Ni Ct| Mo | V Al Mn P S Si Fe

Percentage | 0.11 | 4.85 | 0.58 | 0.48 {0.07 | 0.01 | 180.87 | 0.002 | 0.005 | 0.30 | Balance

Table 1b
Heat Treatment

Normalized: 1640°F; 1-1/2 hr; water quench
Austenitized: 1525°F; 1-1/2 hr; water quench
Tempered: 1050-1130°F; 1-1/2 hr; water quench
Stress relieved (SR): 1000°F; 30 min; air cool

Note: Manuscript submitted September 26, 1975.
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Table 2
Mechanical Properties of Heat-Treated
aNi-Cr-Mo-V Steel

P " Direction
roperty Longitudinat Transverse
Yield strength
{0.2% offset) 142 147
{ksi}
Tensite strength
ﬁfiii) 1562 152
Elongation
(%) 20 18
Reduction
of area 68 64
(%)

Specimen Geometiry

The dimensions of the compact tension {CT) specimen (Fig. 1) conform to those
selected for the ASTM E24.04 yround-robin program [11]. However, to provide a longer
fatigue crack extension beyond the machined notch, the initial notch length ag was reduced
from 0.70 to 0.50 in. (17.5 to 12.5 mm). All specimens were machined in the ASTM
designated T-L orientation [12].
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Fig. 1 — Compaet tension specimen
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Test Procedure

Specimens were cycled in tension-tension loading using a haversine waveform on a
110-kip-capacity MTS closed-loop testing machine. The cyclic frequency was 5 Hz, and the
stress ratio R was 0.10. Crack-length measurements were made using a crack-opening dis-
placment (COD) technique [10, 13]. A commercial MTS COD clip gage was used, the
notched arms of which fit over knife edges screwed on to the specimen to straddle the
mouth of the machined notch. Signals from the COD strain gage circuit were fed into a
Hewlett-Packard XY recorder together with those from the load cell of the testing machine.

Loads were chosen to give pre
f AK ¢

nvarlan ha galiiag in
Oveliap 0L wld I Vauuds 11l

Table 3
Details of Crack Growth Tests; R = 0.1, Cyclic Frequency = 5 Hz,
. Thickness AK AK
Specimen B AP | Aa (ksi \7‘1%_) (ksi \e/fifn_.)
Number [ (in) [ (kip) | (ksi) | qos = woiont " Qo 400
R VRSP ATT O ostart Filnal ja = (0,825 a= 1.400
As Heat
Treated
356 0.25 1.11 1 1.74 | 17.2  39.2 19.6 33.3
855 0.25 1.74 | 274 | 27.0 61.7 30.8 52.4
854 0.50 2.2211.74) 17.2 39.2 19.6 33.3
853 0.50 3.48 | 2.74 1 27.0 61.7 30.8 52.4
844 0.90 4.04 | 1.74} 17.2 38.6 19.6 33.3
845 0.90 404174 | 17.2 38.6 19.6 33.8
347 0.90 9.76 | 4,25 | 41.83 94,2 47.0 80.1
As Stress
Relieved
858 0.25 1.11 | 1.74 | 17.2  34.2 19.6 33.3
860 0.25 1.74 | 274 27.0 524 30.8 52.4
863 0.50 2221174 17.2 378 19.6 33.3
861 0.50 3.48 | 274 27.0 598 30.8 52.4
859 0.90 4.04 | 1.74| 17.2 37.8 19.6 33.3
862 0.90 6.28 | 274 27.0 81.7 30.8 52.4
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Data Reduction

Crack length was determined by reference to the predetermined EB[COD]} Pve-a/W
caliabration curve, where E is Young’s modulus; B is the specimen thickness; P is the Ic—ad
a is the crack length; and W is the specimen width. A polynominal expression for this

relationship is

2
2 _ 501520 —2L99PT _ 4 000141 (Licon} )
W P P
{1}
— 0.06209 .

+ 0,.000000524 ( .

Details of this proecedural fechnigue are available [10}. Crack-growth rate was determined
" f] 3 x

hxr fitting fnhm:ni'c +n i‘kn a-ue-N o1mrac toing o Roavanis T nvabh ondid woavigan goﬂﬁnn'} e od o

. _wuaen s
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The stress-intensity-factor range AK is computed from the equation appropriate to the
0.486 height-to-width ratio h/W of the specimen [14): AK = Aa/a Y, where

- a a\t _ 213 3\
Y = 30.96 ~195.8 & + 730.6 (w) 1186.3 (W) + 754.8 (W) SY}

Tables 4 and 5 contain values of crack length a, AK, and da/dN for all specimens tested in
thig investigation.

DISCUSSION OF EXPERIMENTAL RESULTS

The experimental results of this invesiigation are shown in Figs. 2a and 2b, which are
logarithmic plots of crack-growth rate da/dN vs stress-intensity-factor range AK. Data from
specimens tested in the as-heat-treated conditions are shown in Fig. 2a, and data from
heat-treated plus stress-relieved specimens are shown in Fig. 2b., In both figures comparison
is made fo a frend line previausiy established for 0.90-in. (22.5-mm) thick {nearly full plate
thickness} as-heat-treated specimens of {his same material. The regression-curve equation
for this trend line is

da
av = 504 X 1079 AKEC (3)

This equation was established using the part-through-crack (PTC) specimen geometry
{9, 10]. Figure 3 shows the trend-line equation together with data from three types of
fracture mechanics specimens (CT, PTC, and CCT); good correlation is apparent.

4
- O O O
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Table 4a
5Ni-Cr-Mo-V Steel; Heat Treated; Ac = 1.74 ksi.
[Specimen Number: 856 864 844 845
Thickness B (in.): 0.26_ 0.50 0.0 0.90
Crack Length a A & AK -
(in.) (ksi /i) da/dN X 10 (ki /i) dafdN X 10
0,825 19.8 2.33 3.37 19.3 229 2.0
0.850 20.0 2.54 4.00 10.6 2.41 2.8
0.875 20.4 277 4.34 20,1 2.54 282
0.900 20.8 3.00 4.68 20,5 2.68 3.08
0.925 21.2 312 4.82 21.0 282 3.20
0.950 21.7 3.31 5.00 21.4 288  3.44
0.975 22.2 3,50 5.27 21.8 3.08 3.64
1.000 22,7 370 5.55 22.4 3.26  8.74
1.025 23.2 3.91 5.75 22.8 3.38  2.92
1.050 23.7 434 5.96 23.4 3.73 416
1.075 24.2 466 6.17 23.8 3.92 4,51
1.100 24.8 5.00 B6.40 24.4 416 474
1.125 25.3 542 6.64 25.0 4.80 491
H 1.150 25.9 575 7.04 25.5 | 5.24 b.12
P1.175 56.5 6.17 7.28 26,1 536  5.62
! 1.200 27.1 6.40 7.55 26.7 5.75  6.04
i 1226 27.7 7.01 7.84 27.3 | 618 6.34 .
| 1.250 28.4 770 8432 28.0 | 651 6.51
| 1275 29.1 8.00 9.40 28.7 6.86  6.86 |
1.300 29.8 8.32 10.40 29.4 7.26  7.47
1.325 30.6 9.81 11.44 30.2 7.69  7.93
1.350 314 |10.97 12.38 31.0 ! .92 B.72
1.378 324 [11.78 13.02 31.4 818 933
| 1400 33.3 1238 1446 | 328 872 10.02
. Table 4b Table 4c¢
BNi-Cr-Mo-V Steel; 5Ni-Cr-Mo-V Steel;
Heat Treated; Do = 2.74, Heat Treated; Ag = 4.25 ki,
Specimen Number: 855 853 @ecimen Number: 847
Thickness B (in.}: 0.25  0.50 Thickness B {in.}: 0.90
Crack Length a AK & Crack Length a AK dajdN X 1078
(in.) (ksi v/in.) da/dN X 10 {n.) {ksi v/in.)
0.825 308 9.4 1111
0.850 31.4 101 11.30 P o oo
0.875 32.1 10.4 11.50 0.875 49.0 21.82
0.900 gg-i 10.6 11.70 0.900 50.0 23.41
0.925 34‘ 11.4 11,92 0.925 51.1 24,26
0.950 -2 12.2 1213 0.850 59.2 24.70
0.975 36.0 125 12.40 ; ) 26.14
1.000 35.8 12,9 12.80 oo o8 26.06
1.025 36.5 13.4 13.02 T 095 55.8 27.52
1.050 37.3 13.8 13.27 : 57.0 28.56
1.075 38.2 144 13.90 1.050 58.9 29.68
1.100 39.0 149 14.30 1.076 59.5 30.56
1.126 39.8 16.0 14.80 1100 60.8 32.64
1.150 40.3 16.6 15.20 1120 : 32.95
1175 41.8 175 16.00 1150 o 34,64
1.200 42.7 182 16.64 1175 63‘2 37.61
1.225 43.7 1585 17.80 1200 o 39.20
1.250 44.8 19.2  18.40 1.225 se.e 41,00
1.278 45.8 20.0 19.40 1.280 o8 42,89
1.300 47.0 20.8 20.50 1.275 0.8 \
1.325 4B.2 22.5 22'40 1.300 71.8 44,92
1350 495 2is 2280 1.325 739 4712
1.375 50.9 25.6 26.10 1.850 s ég'?g
1.400 52.4 287 97.40 1.375 77.8 3
: : 1.400 80.1 59.77
5
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Table 5a
BNi-Cr-Mo-V Steel;
Stress Relieved; Ag = 1.74 ksi

Specimen Numb

erT

853 863 859

Thickness B (in.): 6.25 Q.50 080
k AR -

Crac (iﬁ.ef}gth a (s \fin.;l da/aN X 10°6
0.825 19.8 2.88 282 240
0.850 20.0 3.12  4.13 3.81
0875 20.4 3.31 4,558 420
0.960 20.8 3.50 500 4,50
0,925 21.2 3.84 5.18 4,74
3.950 21.7 4.04 527 4.91
0,975 22.2 4.34 5.36 5.18
1.060 227 4.50 8.558 E.56
1.025 23.2 4.82 5.659 5.75
1.050 23.7 5.0 5.98 817
i.075 24.2 5.27 6.26 §.490
1.100 24.8 5.40 3,44 B.64
1.128 25.3 5.95 &.64 7.01
1,150 25.9 B.28 5.95 T.41
1.175 26.5 684 7.41 7.0
1.200 27.1 T.14 7.7¢ 8.00G
1.2258 27.7 7.41 8.42 2.32
1.256¢ 28,4 T.70 .13 B.B4
1.275 29.1 8.22 9.81 2.48
1.300 29.8 902 10,30 10.02
1.3285 30.% @40 11,23 1072
1.350 31.4 10.72 11,95 11.78
1.375 32.4 12.07 1300 12.69
1,400 33.3 13.47 13.47 14.832

Table Bb
5Ni-Cr-Mo-V Steel;

Stress Relieved; Ac = 2.74 ksi.
Specimen Number: 880 B8l  BeZ
Thickness B {in.}: 0.26 050 080
Crack Lengtha 1| 4K dafdN X 1078

{in.} {ksi /in} 4

0.6 55 1025 10,

gzg’gg 314 9.76 1048 10.86
i | B e e
008 i |it2s 1228 1370
0950 asg | 12.07 1263 1317
0:975 35.0 12,50 18.12 13.64
1 000 25.8 | 12.94 1354 1412
1025 365 | 13.41 14.38 1464
1050 37.3 | 14.38 1490 15.44
1675 3gg | 1490 1544 18.00
1100 390 |15.44 1617 1689
1125 sus | 1678 1752 17.40
1150 i08 1721 18.53 17.58
13175 sis | 1853 18.24 1793
1200 427 | 1862 2068 18.67
1.225 iz | 90.96 2185 1924
1280 443 | 2256 2255 1081
1275 458 2381 2351 2249
1300 470 | 2453 24.5% 2350
1.325 482 | 26.21 2621 2507
1.350 495 2944 2874 28R
1.375 50.9 8G.94¢ 30.84 28.68
1.400 524 |32.5¢ 32.56 31,74
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Several observations are apparent from an examination of Fig. 2. In both cases the
data for the machined-down 0.25- and 0,50-in. (6.4- and 12.5-mm} thick specimens le above
the previously established trend line. Also, there is a good deal more scatter in the data from
the machined-down as-heat-freated specimens then in that from the stress-relieved specimens.
Finally, the more closely grouped data from the stress-relieved specimens le above the refer-
ence trend line for all thicknesses tested, including the stress-relieved full-thickness 0.90-in.

929 R omml enprimane Piafaila of flha voovaccinn analveoic far gariana nrininoe AT tha enanimane
T &&dr VT2 F 2L, LALLM LU R UL LILL GO Y LT LISE VEL IR Eivuyizlaa‘ AL AL D LATLILILSLLD

are collected in Table 8. A regression-curve equation for all of the data from the stress-relieved
specimens was calculated to be

— — 2.1§
— = 594 X 109AKZS.

The correlation coefficient ryy = .99 was obtained for this equation. Therefore, it would
appear that there ave no significant thickness effeets, per se, in stress-relieved specimens of
this material over the range of thicknesses studied; however, the stress-relieving heat treat-
ment had the effect of nearly doubling the crack-growth rates.

Table 6
Details of the Regression Analysis; da/dN = A AK®
Specimen Thickness A
Number {in.} (1079 o Ixy
As Stress
Relieved
Low Load
868 (.25 0.92 | 270 §0.997
863 0.50 471 + 2.24 10,991
859 0.90 2,96 | 240 [ (.998
High Load
860 0.25 2.90 | 2.36 | 0.998
361 0.50 574 | 2.19 ! 0.998
862 0.20 16.58 | 1.91 | 0.994
Low and High
Loads
858, 860 0.25 2.81 1 2.38 | 0.997
863, 861 0.50 881 | 2,07 | 0.998
859, 862 0.20 892 ! 205 { 0.995
All Bix N/A 594 | 2.16 | 0.991
As Heat
Treated;
Former
Trendline (.90 3.04 2.26  1.000
g
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Rockwell-C hardness measurements were made on all specimens before and after heat
treatment, and no changes were detected. Therefore, it is unlikely that the stress-relieving heat
induced any metallurgical change in the material, other than the intended effects. Rather, it is
probable that the differences in crack-growth rates observed in the stress-relieved specimens
resulted from relief of internal stresses, Previous attempts to section this material into thinner
specimens of a configuration considerably longer and wider than the compact tension speci-
men resulted in substantial warpage, suggesting high levels of internal residual stress. Although
classical mechanics theory requires that such internal stresses be “‘balanced” between tension
and compression for the plate to be in equilibrium, it would be hazardous to assume that such
“balanced” stresses do not affect the fatigue characteristics of the plate. For instance, residual
compressive stresses are hotoriously beneficial to fatigue resistance, and high levels of residual
compressive stress are known to exist in rolled plate of the type tested. This is a possible
explanation for the accelerated crack-growth rates observed in the stress-relieved specimens of
all thicknesses studied (Fig. 2b),

ESTIMATES FROM REGRESSION ANALYSIS

The close correlation between the data curves of crack length a vs the number of cycles
and the curves estimated from the regression equation is seen in Figs. 4 and 5. Comparison is
made between the 0.25- and 0.90-in. {7.25- and 22.5-mm) specimens at both low and high
stress levels, 1.74 and 2.74 ksi. Difference between the estimated and data curves ranged
between +1.0 and — 6.0 percent.

5~ SPECIMEN #858 5 -{37.5
L B=0.25 ;!
- o=1.74 KSi / €
£ DATA o— ’ E
~ [ ESTIMATE x--= ¥ =
DIFF. @ a=1.40in. o =
h -6.0% ) ]
° 280 &
] —
- ¥
> Q
) <
2 &
(]
5] 2.5
o . i . | . I s i i
0 100 200 300 400

NUMBER OF GYCLES (x10%}
(a) Thickness B = 0.25 in. (6.25 mm)

Fig. 4 — Crack length a vs number of cyeles. The data and esti-
mated curves are for an applied stress of 1.74 ksi.
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LS-  SPECIMEN #859 375
k B=090In.
o274 KS1

DATA o—
ESTIMATE »———x
DIFF. @ =150,

+1.0%

—25.0

CRACK LENGTH a (in.)

\

0.5 .!2.5

O:l' L i L { L
g 100 200 300 400

NUMBER OF CYCLES {xi0®)

2

{b) Thickness B = 0.80 in. {22.5 mm}

CRACK LENGTH (mm)

Fig. 4 {continued) — Crack length a vs number of cycles. The
data and estimated curves are for an applied stress of 1.7d ksi.
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G 0 20 30 40 50 80 0 80 90
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L B=025in
— | e=274KSl E
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= b ESTIMATE x—-x ~
| DIFF. @ a=1.40in. E
E -31% o
s Lok 250 &
= o
[N .
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x F X
(53
g : 8
Q [
05 —Hiz.5
ol i i i i i i i 1 iy
10 20 30 40 50 B0 70 B8O 90

NUMBER OF CYCLES {xt03)
{b} Thickness B = 0.90 in. {22.5 mm)

Fig. § — Crack length a vs number of eycles, The data and
estimated curves are for an applied sfress of 2,74 ksi.
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Since it is not possible to integrate the da/dN expression (AK has to be evaluated in terms
of a/W and the polynominal correction factor then raised by a fractional exponent), N was

evaluated by summations of
Aa

n
AAKeff

AN =

the interval chosen for Aa being 0.100 in. (2.5 mm).

Inasmuch as the regression analysis covered only the region between 0.825 and 1.400
in. (20.625 and 35.0 mm), the values of AN were added to the number of cycles attained
at 0.800 in, (20 mm) for each specimen.

CONCLUSIONS

® No significant thickness effects, per se, on fatigue crack-growth rate were observed
in stress-relieved compact tension specimens of bNi-Cr-Mo-V steel 0.25, 0.50, and 0.90 in.
(6.4, 12.5, and 22.5 mm) in thickness.

® Crack-growth rates in the stress-relieved specimens were approximately double the
crack-growth rates observed in as-heat-treated 0.90-in. (22.5-mm) thick specimens previ-
ously studied.

& Considerable scatter was apparent among crack-growth-rate data for as-heat-treated
specimens machined down to thinner section sizes from 1.0-in. (25.4-mm) thick rolled
plate,

® Curves of crack length vs the number cycles, estimated from the regression equation,
agree well with the actual data curves.
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