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ABSTRACT

The development of the plastic zones generated by sharp through-cracks
and blunter notches was studied systematically in plates of Fe-3Si steel., A sensi-
tive etching technique revealed the plastic zone both on the plate surface and on
parallel and normal interior sections. In addition, the progress of through-the-
thickness deformation was followed by monitoring normal displacements at the plate
surface, The work encompasses applied stress-crack length-thickness combinations
in the range 0.2 < |K|* 1 < 2 (K is the stress fntensity parameter, Y is the Yield

Yi t
stress, and t is the plate thickness), with special emphasis on situations where
the plastic zone is small relative to the plate thickness and a plane strain state
is approached. Three kinds of relaxations are revealed: one in the plane of the
plate and two accomodating through-the-thickness deformation. The Tlatter be-
come the dominant mode when [K[2 1 > 1.7 or p > t (p 1s the zone Tength). Compari-
Y| t -2
sons with available theoretical treatments show that the calculations of Bilby and
Swinden, Tuba, and Rice and Rosengren are in accord with measured zone lengths,
but none of the treatments examined provides a satisfactory description of the
zone shape. The experiments also provide insights to the level of strain within
the zone, and suggest that |E¢2 1 =10orp=1tmy be a useful upper bound for the
Y

plane strain regime. 4
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I. INTRODUCTION

Plastic flow in the locale of norches and cracks has an important bearing
on the fracture toughness of alloys 1,2,3)"  Yet the plastic zones attending notches
and cracks in heavy sections under temsion are not well understood., This is not for
lack of interest or attention. The problem has attracted a large number of theore-
ticians; for example, Allen and Southwe11(4), Jacobs(3), McClintock and co-
workers(6’7), Pra %(8), Hill(g), Green(lo), Irwin(ll), Liu(lz), and more recently
Bilby and Swinden s Tuba(lA), and Rice and Rosengren (15) have made important
contributions. Although substantial progress has been made--a compilation of slip-
line fields and calculated zones is given in Figure l--the extent of the zone, its
shape, and especially, the plastic strain field close to a crack-tip are not
established., One reason is that measurements capable of testing the calculations
are difficult to make. For example, measurements with strain gages, photoelastic
coatings, the interference microscope and moire grills are: (1) restricted to the
specimen surface, (2) do not distinguish between elastic and plastic strain, and
(3) do not resolve the steep gradients that characterize the plastic zone in heavy
sections,

To circumvent some of these problems the authors adopted Green and
Hundy‘s(17) approach; an etchant was used to reveal the plastic zone, but it was
applied to Fe-35i which responds more sensitively than carbon steel. In the case of
Fe-38i, individual dislocations and slip bands are etched in all grains(ls). Thus,
even trace amounts of plastic relaxation in regions smaller than the individual
grains can be detected at high magnification. In fact, the etching technique
appears to bhe the only method that can sensitively distinguish between elastic and
plastic regions. Furthermore, the etching response is graded and can provide infor-
mation of a quantitative mature for plastic strains up to about 5-10%. Another
important advantage is that the etching technique is not restricted to the plate
surface but can reveal the plastic zone on interior sections of a plate. The Fe-38i
steel displays stress-strain characteristics similar to those of medium strength
ship plate, pressure vessel and constructional steels, and should be a close analogue
for these materials. Finally, the results may be applicable to other systems as
well gince both the Tuba(l%) and the Rice and Rosengren( theoretical calculations
indicake that the size and shape of the plastic zone are relatively insensitive to
the rate of strain hardening.

Earlier work on this contract which exploited the etching technique was
carried out on relatively thin plates with machined slits (rather than sharp pre-
cracks).(19‘21) The transition from predominantly in-plane (plane strain) to
through-the-thickness (plane stress) relaxation was examined. Preliminary studies
of sharp precracks and the effect on the plastic zone of crack growth under load
have been reported(3:22:23). clark(2%4) has also obtained results on sharp cracks in
cantilever beam samples using Fe-3S8i steel prepared at Battelle, This report

* See References
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summarizes results for applied stress-crack-length thickness combinations in the

2 *
range characterized by 0.2 < % % < 2 ., At the lower end of this range the plastic
zone is small relative to the plate thickness and in-plane relaxzation predominates.
Plastic zones generated by edge and center notches, machined slits and sharp pre-
cracks were revealed by etching not only the plate surface, but parallel and normal
interior sections as well, The etch-figures are augmented by sensitive measurements
of the displacements normal to the plate surface existing under load and after the
load is removed. Taken together, the work provides a reasonably clear picture of
the 3-dimensional character of the strain field in the neighborhood of a crack and
allows comparison with theoretical predictions of the size and shape of the plastic

zone, and the magnitude of the peak strain.

IT. EXPERIMENTAL PROCEDURE

The Fe-38i steel plates used in this study were obtained from several 100
1b., induction melted heats®*, cast, and then upset forged and hot rolled at about
1150 C. The final conversion step was a 50 percent reduction by "warm" rolling at
360 C (to avoid cracking) which leaves the material in a heavily worked condition
that recrystallizes on annealing, Prior to machining the test coupons, the rough
blanks were stress-relieved for one hour at 475 C to minimize warping. Two types
of notches were used: (1) 0.006 in.-wide slits (root radius ~0.,003 in.) introduced
with a jeweler's saw or abrasive disk, and (2) fatigue cracks grown from 1/8 in,-
long slits by cycling in tension between 4,000 psi and 38,000 psi.

After machining, notching, and fatiguing,'Ehe test coupons were recrystal-
lized for one hour at 800 C and forced-air-cooled.”™ " This treatment recrystal-
lizes the material, eliminates dislocations introduced in the warm working operatiom,
by the machining and precracking, and retains in solution carbon and nitrogen needed
for decorating the dislocations. The composition and mechanical properties of the

different heats in the annealed condition are described in Table 1 and Figure 2(a).

The test coupons, whose dimensions are given in Figure 2, were loaded in
an ordinary testing machine via a rod-yoke arrangement that incorporated large
spherical bearings to promote alignment., The load was applied at the rate of 4,000
lbs. per minute, held at the predetermined stress level for 4 minutes in the case

o [x)2 1 (25)
% TFor comparison, the ASTM E-24 criterion for plane strain 1s e B <0.4,

where K = TVTa is the linear elastic fracture mechanics stress intensity para-
meter, T is the applied stress, Y is the yield stress, and £ is the plate thickness.

#% Melted from a charge of Armco iron and Fe-Si with about 0.03 percent nickel added
as a deoxidizer.

#%% Heating in air with the coupons wrapped in steel foil produced a tarnished surface
but detracted less from the etching response of material close to the surface than
treatments in commercial vacuum furnaces. Samples given a prolonged furnace cool
did not etch.
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(2)
TABLE 1., COMPOSITION AND PROPERTIES OF FE-3Si STEEL
Composition (wt%) Lower Yield Stress(b) Other Mechanical

Heat Si c N (psi) Properties (Room Temp)

S 3.26 0.015 0.001 62,000/64,000

X 3.45 0,009 <0,001 62,000

FF 3.39 0,012 0.001. 59,000

GG 3.40 0.013 0.001 64,000 Upper yield: 66,000 psi, Luders

strain 0,5-1.5%, ultimate: 83,000
psi, true fracture stress: 140,000
psi, true fracture strain: 0.9-1.2
(fibrous mode), strain hardening
exponent in strain hardening region:
N = 0,16

(a) Annealed condition

4 5 -1

(b) Measured at a strain rate of 3,100 to 3.10 " sec .

of the slits and 4 seconds for the sharp precracks, and then unloaded at the same
rate. The loads are alternatively expressed in terms of the_nominal (gross sectiom)
stress T, the nominal stress to (lower) yield stress ratio % , and as the stress
intensity parameter K = TOyYTa . Here, a is the length of an edge crack ordthe hali-
length of a center crack, and ¢ is a correction for the width of the sample™ (@ = 1.12
for an 0.25 in.-long edge crack in a 2.5 in.-wide sample).(26) Changes in the thick-
ness of the coupons in the region close to the crack tip were measured in two ways.

In one case a series of plastic replicas of the plate surface was made at different
load levels; the contours of the replicas were then charted with a surface profile
device, This technique, which has a sensitivity of about 10~5 in., is described

more fully in Reference 21. In the second case the residual displacements normal to
the plate surface were measured after unloading with an interference microscope(19,27),

After the coupons were loaded, they were aged at 150 C for twenty minutes
to decorate the dislocations generated by plastic flow thereby sensitizing them to
the etchant. Any cold work introduced after aging in the course of sectioning and
hand polishing is not 'decorated' and not attacked by the etchant.*  Ope compli-
cation is that machine grinding and abrasive cut-off wheels tend to produce a
heavily disturbed surface layer 0.005 to 0.010 in.-thick which does not respond to
etching under any conditions; this layer must be removed by gentle hand grinding
with metallurgical paper to obtain satisfactory etching responses.

e

% The elastic correction of Isida, reported in Reference (26), was used, An
elastic-plastic correction that takes into account the boundary conditions on

the loaded edges of the specimen is now being worked out at Battelle and will
appear in the forthcoming Annual Report on Air Force Contract No. AF33(615)-3565.

*% Note that decoration will occur after prolonged periods at room temperature or
if the sample becomes hot during machining and grinding.
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The Fe-35i samples were electropolished and etched in the Morris solur
tion(29) *** The etching.characteristics of the Fe-38i steel is illustrated in
Figures 3 and 4. When the annealed material is strained plastically small amounts,
i.e., 0-0,5%, etching reveals individual dislocations and slip bands. Strains in
the range 0.5 to 5% produce so many dislocations that the individual pits can no
longer be resolved in the light microscope; etching merely darkens the surface in
this range. Beyond 5 to 7%, the air-cooled material stops etching presumably
because there is insufficient carbon and nitrogen in solution for decoration, (30)

In this way the etching response can provide an approximate quantitative indication
of the local strain intensity. ¥For example, the existence of an unetched region

surrounded by a dark etching material around a strain concentration is indicative of
a peak strain in excess of about 5-7%. Figure 5 shows that the strain corresponding

#%%  Composition of the electrolyte:r 7 cc H,0, 25 gm chromium trioxide, 133 cc glacial
acetic acid. Polishing occurs in the range 22-40 volts with a stainless steel
cathode and specimen-cathode separation of 1/4-3/4 in., in 5-20 minutes with the
solution agitated and maintained at 20 C. Etching occurs at about 5 volts in
3-15 minutes without agitation.
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to the loss of etching response can be increased from 5-7% to 10-15% by water
quenching, but this has the disadvantage of introducing quenching strains which are
also revealed by the etchant., Figure 4 illustrates that plastic deformation pro-
duced by tension and by compression etch in the same way.

ITI, EXPERJMENTAL RESULTS

The experimental results are summarized in Tables 2 and 3, and are set
forth in more detail in Figures 6-23., Several complications that affect their in-
terpretation should be noted at the outset:

1. Not all grains are recrystallized; isolated grains undergo a recovery
process and these are filled with 2 dense substructure that etches darkly in the
absence of plastic deformation™ (examples can be seen in Figures 18, 21, and 23).

2, Plastic deformation during loading is followed by reverse deformation
during unloading, at least close to the crack'Eip(6:3l). The present etching pro-

W

cedure does not separate these two components”’.

(Mapuseript continued on page 40)

Such grains are undesirable because they can obscure the plastic zone. However,
their presence does not perturb the plastic zone, and this indicates that the
recovered grains are not significantly stronger than recrystallized grains.

*% An attempt was made to separate the two deformations by aging the sample under
load (807 of full load) and cooling them before unloading, thus rendering the
reverse deformation transparent to the etchant, However, this procedure produced
fuzzy, ill-deformed zones--evidently the samples creep at the aging temperature--
and was abandoned.



TABLE 2,

SUMMARY OF TEST DATA

(a)

(b)

~—

d)

(£

(a)

()

Sample Thickness Notch (c) T (e) Zone Extent, p Zone Width, 4 2Zp KJZ 1
Mo, (im) Geometry T (ksi) ¥ K (ksi¥in) (yin) (in) (in) t t
5-52 0,195 0.25 (¥) EN 12,8 0.21 12.8 0,21 0,010 - 0.1 0,23
5-118 0.199 0.25 () ENW 19.8 0.31 19.8 0.31 0.025 0.010 0.4 0.48
S-57 0,196 0.25 () EN 26,3 0.42 26,3 0.42 0.055 0.010 0.55 0.90
X-2 0.428 0.25 (M) EN 27 .3 0.42 27.5 0.42 0.060 0.015 0,21 0.41
S-117 0.198 0,25 (M) EN 29.8 0,46 29.8 0.46 0.075 0,015 0.06 1.07
S-60 0.195 0.25 (M) ENW 40,0 0.64 40,0 .64 > 0,5(i) 0.020 > 5 2,10
5-101 0.019 0.38 (F) ENW 9.4 0.15 11.4 0.18 0.010 0.003 1 1,70
§-107 0.058 0.25 (F) EN 13.4 0.21 13 .4 0.21 0.010 0.003 .35 .76
GG-6 0,220 0.22 (F) EN 22.6 0.35 21.0 0,33 0.010 0,003 0.09 0.50
X-47 0.420 0,22 (F) CN 25.2 0.41 23.4 0.38 0.040 0.004 0.2 0.34
FE-3 0.212 0.25 (F) EN 22,2 0.38 22,2 0.38 0,040 0,008 0.4 0.68
X-49 0,420 0.22 (F) EX 27 .2 0.43 25,2 0.41 0.030 0,003 0.15 0.40
FF-8 0,212 0.25 (F) CN 36.7 0.52 27.2 0.46 0.070 0.010 0.65 1,00
GG-5 0.220 0.22 (F) EN 33.0 g.51 30.7 0.48 0.050 0.006 0.45 1.05
X-46 0,420 0.30 (F) CHN 25,3 0.57 35.8 0.58 0.230 0.010 1.1 0.80
X~50 0,420 0.22 (F) EN 48,0 0.77 45.2 0.73 > 0,50 - > 2 1.27

{a) Letter preceding number designates heat number,
(b} HNumber gives slit or crack length (half length for center crack); (F) designates fatigue crack, (M) machined slit, 0.006
in. wide; EN - edge notch, CN - center notch
(c) T is the gross section stress, (d) Ratio of gross section stress te lower yield stress.
(e) K = ToVTHa, where T is gross section stress, a 1s edge crack length (center half-length) and ¢ is the correction for free
surface,(26)

(f) Ratio of stress intensity to lower yield stress.

(g) Distance between crack tip{pr slit free surface) and furthest extent of plastic deformation measured radially from crack

tip (or from a point on the center line of the slit and 0,003 in. from the center of curvature of the slit tip).
(h) Width of the zone of in-plane shear at the crack tip.
(i) Plastic zones from opposite edge notches merge.

_.O'[-



TABLE 3. STRAINS AND DISPLACEMENTS AT THE CRACK TIP ARISING
FROM THROUGH-THE-THICKNESS PLASTIC DEFORMATION

(a) (B () (e} ve
v (10%1n.) g, v (107 in.) W(1075n) TV
K .= k)% 1 Under After Under After Under After Under Under
Sample t {(in) I (Vin) ?} T Load Unloading Load Unloading Load Unloading Load Load
x-3 0.420 0.48 0.55 -30 - - 0,0014 - 2.6 - 13.8 0.18
0.56 .75 =40 - - 0.0019 - 3.8 - 19.4 0.20
0,64 1.04 -57 - - 0.0027 - 8.1 - 27 .1 0.30
0.72 1.24 -95 - - 0.0045 - 18.7 - 37.0 0.50
X-2 0.428 0.42 0.41 - -10 -(0.0010) ¢ -0.0005 ~fz2.6)() 1.3 10.1 0.26
5-118 0,199 0.31 0.48 - -5 -(0.0010)(c) -0.0005 ,“@.5XC) 0.8 5.3 .30
5-107 0.058 0.21 0.76 - -5 -{0.,0034) ) 5.0017 N({].ﬁj(c) 0.2 2.4 0.20
§-57 0,196 0.42 0,90 - ~10 ~0.0020) ) _5.0010 ~3.80 1 10.1 0.38
§-117 0,198 0.46 1,07 - -14 (0.0028)%%7  _0.0014 ~ (7.00®) 3.5 12.4 0.57
5-101 0.019 0.18 1.70 - -4 -(0.0084)(c) -0.0042 Aaﬁ5.6](c) 7.3 1.7 9.10
S-60 0.195 0.64 2.10 - -36 -(0 .0074)(‘:) -0.0037 ~{30.0) (e) 15.0 27.1 1.106
5-58 4.232 0.72 2.25 - -60 -(D.OlDé)(c) -0,0052 ~{53.4) (e) 26.7 37.0 1.45
(a} ¥ is the maximum z-direction displacement of the plate surface produced by plastic through-the-thickness
deformation. Values quoted are the displacement of a point 1-mill from the crack tip relative to a point
just outside the plastic zone, e.z., points (1) and (2) in Figure 12(b), These displacements under load
were derived from plastic replicas of the surface taken under locad, Residual displacements were obtained
Emezi?terferometric patterns of the surface_ﬁs showm in Figure 12,
(b) £Z =7, where t 1s the plate thickness. €, igs the average strain at the crack tip.
(¢} Lstimated as follows: ?; {under load) = ZEZ (after unleading), or v{ (under load) = 2v} (after unlecading)
(d) Vé is the component of the crack opening (y-direction) displacement at the crack (or_sliggjtip produced by through-
the-thickness (yyz,yz—and'yxy,yz)relaxations: values quoted were calculated: vé: - % w dy
¥y=0
(e) vg is the component of crack opening (y-direction) displacement at the crack {(or slit) tip produced by in-plane

(13)

(6% ) relarations. Values quoted are estimates based on the Bilby-Swinden

2Y¥a r
. L =
xY XY model: Ve T uE in sec .

2y



Fig.

Fig.

Fig. 6(b) Interme
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6(d) Pigte Surface. Fig. 6{(e) Intermediate Section. Fig. 6(f) Plate Midseetion,

6 PLASTIC ZONES DISPLAYED BY SAMPLE 5-52 (t = 0.185, }_‘(i: 0.21 in) ON THE PLATE SURFACE AND ON INTERIOR
SECTIONS PARALLEL TO THE SURFACE: (a), (b) and (¢) represent an edge siit; (d), (e), and (f) the
other glit, 54X
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Fig. 7(a) Plate Surface. Fig. 7(¢) Plate Surface.
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Fig. 7(b) Plate Surface. Fig. 7(d) Plate Midsection.

Fig. 7 PLASTIC ZQONES DISPLAYED BY SAMPLE 8-118 (t = 0.199, % = 0.31 Yin): (a)
and (b) show sections of the two edge slits close to one of the plate
surfaces, (b) is the same notch as (a) on the opposite face, (d) is the
plate midsection intermediate between (a) and (b), and (e) 1s the same
aone ag (d). (a)-(d) are 60X, (e) is 180X
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Fig. 7(e) Plate Midsection.

Fig. 7 PLASTIC ZONES DISPLAYED BY SAMPLE S-118. (Continued)



Fig.
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s

Fig. 8(a) Plate Surface. Fig. 8(b) Plate Surface.

8 PLASTIC ZOWES DISPLAYED BY SAMPLE 8-57 (t = 0.196 in, £ . 0.42 in): (a) and (b} show the zones
produced by the two edge-slits near the surface of one side of the plate, (c) shows the same slit
as (a) on the opposite side of the plate close to the plate surface, (d) and (e) are parallel to
(c); (d) half-way between the surface and the midsection, and (e) is the plate midsection. 36X

_9'[_
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Plate midsection,

Fig. 8(e)

Fig. B8(d} Intermediate Section.

Plate Surface.

Fig. 8(c)

8 PLASTIC ZONES DISPLAYED BY SAMPLE S-57 (Continued)

Fig.



Pig. 9(b) Section 11.

Fig. 9(e} Section 44.

Fig. 9{a) Plate Surfoce.

Fig. 9 PLASTIC ZONE DISPLAYED BY SAMPLE S-117 (t = 0.198 in, X .48 Y in ): {(a) section close to and
parallel to the plate surface, and (b)-(f) sections normdl to the plate surface ond the slit plane,
(g) same as (a) ot higher magnification. (al-(f): oblique illumination, 13.5X; (e) 54X
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Fig. 9(g) Plate Surface.

Fig. 9 PLASTIC ZONE DISPLAYED BY SAMPLE S-117 (Continued)
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10(a) Plate Surface.

10. PLASTIC ZONE DISPLAYED BY SAMPLE X-2 (t = 0.4086,

K= 0.42 Vin ): (a) Section Close to and Parallel to
Y

the Plate Surface, 64X, and (b)-(e) Sections Normal
To The Plate Surface and the Slit Front, 12X
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Fig. 10 PLASTIC ZONE DISPLAYED BY SAMPLE X-2. (continued)



Fig.

Fig.

-91-

11(a) Surface.

11 PLASTIC ZONES DISPLAYED BY SAMPLE S-60 (t = 0.196 in, % = 0.64
ON SECTIONS PARALLEL TO THE PLATE SURFACE: (a) close to plate

surface, (b) half-way between plate surface and midsection, and
plate midsection, 22X

/in )

(a)
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Filg. 11(b) Intermediate Section.

Pig. 11 PLASTIC ZONES DISFLAYED BY SAMPLE S$-60 (Continued)
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Fig. 11(e) Midsection.

Fig. 11 PLASTIC ZONES DISPLAYED BY SAMPLE 5-60. (Continued)
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(b)

(o) sample °-57

(a)
12(b)

12(e) Fig.
12 BSURFACE DISPLACEMENT CONTOURS DERIVED FROM INTERFEROMETRIC FRINGE PATTERNS:
The wnumbers assigned to the contours

Fig.
Fig.
(X = 0.42 /in.), and (b} sample S5-60 (K = 0.64 ¥in.).
¥
The contours coincide with the plastically
28X

¥
are the (negative) displacements in microinches.
deformed regions (shaded areas) revealed on the surface by etching.



Fig. 13 PLASTIC ZONES DISPLAYED BY SAMPLE 5-101

(+ = 0.019 in, %= 0.18 YIn) NEAR THE

Y
PLATE SURFACE.
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Fig.

Fig.

14(¢) Plate Surface.

14 PLASTIC ZONES DISPLAYED BY

Fig. 14(d)

SAMPLE 5-107 (Continued)

Plate Surface.
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Fig. 14(h) Ssetion 44,

‘ton 33.

7g. 14(g) Sect
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Fig.

14 PLASTIC ZONES DISPLAYED BY SAMPLE S-107 (Cowntinued)

Fig.
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Fig. 15(e@ Plate Midsection.

Fig. 15(b) Plate Surface.

Fig. 15 PLASTIC ZONES DISPLAYED BY SAMPLE GG~6 (t = 0.220 in, "?{: 0.33 ¥in):

(a) and (b) are sections close to and parallel to the plate surface,
(¢) ie the same erack as (a) observed on the midsection, (d) and (e)
are interior sections of (b) close to the midsection and separated
by about 0.020 in. 180X
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ti0M.

Plate Midsec

15(d)

Fig.

15 PLASTIC ZONES DISPLAYED BY SAMPLE GG-8 (Continued)

Fig.
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e

Fig. 16(a) Plate Surface.

Fig. 16(d) Plate Midsection.

Fig. 168(e) Plate Midsection.

16 PLASTIC 7ONES DISPLAYED BY SAMPLE X-47 (t = 0.420 4n, K = 0.38 Yin ):
Y

(a) and (b) on the plate surface, and (c¢) and (d) on the plate
midsection. 45X

Fig.
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17(c) X-49.

Fig.

X-47.

Fig. 17(b)

X-47,

Pig. 17(a)
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Fig. 18(a) FF-3.

Fig. 18(b). FF-8.

Fig. 18 PLASTIC ZONES DISPLAYED BY THE MIDSECTIONS OF SAMPLES: (a) FF-3

(t = 0.212 in, 5= 0.38 /) and (b) FF-8 (t = 0,212 in, £ 0.06 Vim).
45%
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Fig, 19 PLASTIC ZONE DISPLAYED BY SAMPLE GG-5 (t = 0.220 i1,

K =0.48 ¥in.) ON THE PLATE MIDSECTION PARALLEL T( THE
Y

SURFACE. 80X



Fig, 20{a} Plate Surfoce. Fig. 20(b} Plate Surface. Fig. 20(c) Plate Surface.

Fig. 20 PLASTIC ZONES OBSERVED ON THE PLATE SURFACES OF SAMPLE X-46 (t = 0.420 iwn, %: 0.58 Vin}: (o) and (b)

show the some crack tip viewed on opposite sides of the plate, and (c¢) is the other erack tip viewed
on the same side as (b). 11X
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Plate Midsection.

21(b)

Fig.

21(a} Plate Midsection.

show the

(a) and (b)

K :
7= 0.58 Vin)

in,

0.421

(t =

PLASTIC ZONES DISPLAYED BY SAMPLE X-46

21.

Fig.

extremities of the center crack at 12X, and {e) shows the distribution of strain at the crack

{a) at 180X,

ip in

£



Fig.

Fig.
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21(e) Plate Midsection (Magnified Section of (al.

21 PLASTIC ZONES DISPLAYED BY SAMPLE X~46 (Continued). Note
that the grains identified as (1) are recovered rather
than recrystallized, and not necessarily deformed.



22(a}) Plate Surface,
28 PLASTIC ZONES DISPLAYED BY ONE OF THE EDGE CRACKS

(a) plate surface, and (b) plate midsection. 11X

Fig. 22(b) Plate Midsection.
IN SAMPLE S-50 (¢ = 0.420 in,

g.:

[

0.73 Vin):
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3. The fatigue precracks also presented a number of problems, egpecially in
heats GG and FF., These cracks were not planar and their fronts tended to be oblique
to the surface: some crack lengths varied by about 20% from one side of the plate
to the other” A few cracks were found to be segmented and not fully connected.
For these reasons, the plastic zones generated by the fatigue cracks were not re-
producible at stress levels below K/Y = 0.2+in., and were more variable at the
higher stress levels than the zones attending machined slits.

4. In one instance, reproduced in Figure 23, and 0.05 in.-increment of stable
crack growth occurred in the course of the loading, and while the appearance of the
added portion is indistinguishable from that of the original fatigue precrack, it is
revealed by the etching, e.g., compare Figure 23 with Figure 22, 1In all other
instances, the etched zones showed no evidence of stable growth.

5. Several other factors contributed to variability in the size and appearance
of the zones including slight eccentricities in loading, local variations in grain
size, grain orientation and etching response.

The large number of zones reproduced in this report are intended to es-
tablish features that are significant and reproducible. It is convenient to separate
the plastic deformation into three components and these are shown schematically in
Figure 24 (coordinates are identified in Figure 24(a)).

yxy y—Relaxation, Figures 24(a) and (b). In-plane deformation is pro-

duced by a system of shears, here identified by the symbol ¥y s
which is similar to the logarithmic spiral slip-line field (Flgure l(b))
combined with the elements of the punch slip-line field (Figure 1(a)).
The spirals are not observed close to the plate surface®*% but are seen
on interior sections of the blunter machined slits; for example,

Figures 6(b)-6(f) and 7(e) which display etched slip bands arranged in
a pattern similar to the ‘spiral' field. The spiral-like plastic zone
that emerges from the slit first extends mainly in the x-direction to
distances of the order of the root radius. Then the deformation reaches
out in directions more nearly normal to the plane of the crack forming
two wing-like, plastic zones each inclined at an angle B ~65° * 8°o¥%¥%k*

* The average length is quoted in Table 2.

#% The notation 7 ij,ké is intended to signify a strain field produced by shears on
planes whose normals lie in the ij planme with the directions of shear also con-
fined to the kf plane.

*%% Presumably because the z-direction stress is zero at the free surface.

#*%%% Zones are curved and fan-shaped and do not present a well-defined inclination. 8
should be regarded as the average inclination of the zone.



41~

y
)
suf:;co"e - —
a
Ce |« Thickness -
_direction _ __
\
X
______ - |
!
Fig. 24(a) v (blunt noteh). Fig. 24(b) v (Sharp Crack).
TY, XY TY, XY
\ - - I - = - =

Fig. 24 o
ig. 24(c) Tyz, ya. Fig. 24(d) Yy, ya.

Fig. 24 SCHEMATIC PICTUERE OF THE THREE PLASTTC RELAXATION OBSERVED WITHIN THE PLASTIC
Z0NE: (a) and (b) show the in-plane shears Zabeled'vxy o (¢) and (d) show

L

the through-the-thickness components, Y and ¥
ya,Yya TYY2-



—42-

(see Figure 24(b)). The character of slip within these zones is similar
to the fan of the punch slip-line field (see, for example, Figures 7(e),
8(a), 9(e), 17, 18, 20, and 21). 1In Figure 7(e) slip lines having the
"gpiral" character extend in the x-direction to a distance of ~2.5r

(r is the root radius) from the notch root. According to slip-line
field theory, Oy the pormal stress acting at this distance, is 2.6 v(9
In contrast, the spiral field of a sharp precrack is expected to be vanish.
ingly small, giving rise to a slip-line field similar to the one for the
V-notch charpy bar (see Figure 1(c) and Figure 24(b)). However, the
highly strained portions of the zones of sharp cracks, which are revealed
by the outline of the nonetching region in Figures 14(d), 17(a), 17(b),

and 21(¢c), also show evidence of a spiral-like field close to the crack
tip. This may be a consequence of the blunting of the crack tip or

strain hardening.

) FekkR

Zzz’yanelaxation, Figure 24(c). Figures 9, 10(b)-(e), and 14(e)-(i) are

etched sections taken normal to the plate surface and these show deformation
bands inclined at ~45° to the y-direction. Since these bands are most promi-
nent at the plate surface where Oy > oy < 0 and o, = 0, they must represent
yyz,yzs the component of plastic deformation in the thickness direction, rather
than the in-plane strain ¥ z,xy+ TLhe Vyz,yz—relaxation produces extensions in
the tensile direction at the expense of measurable reductions in plate thick-
ness. Like the plane stress solution described in Figure 1(e), which is re-
lated to it, the region of ¥ z, z-relaxation extends in the x- and y-directions
distances comparable to the extent of the yxy,xy field, The etched sections in
Figures 9 and 10 show that this deformation is more intense near the surface

of the plate, but it extends roughly as far on. interiar sections as on the
surface--a result that is a departure from the widely used picture of the
"spool-shaped" zone proposed by Liu 12

Perhaps the most unexpected result is shown in Figures 10(b)-
ections reflecting a stress level-thickness combination of
C = 0.41, which is widely regarded as a close approach to plane
strain. In this case traces of plastic through-the~thickness relax-
ation still penetrate the entire plate. At higher applied stress
levels, the sza z-deformation in the Fe-381 alloy tends to concen-
trate on two 45° inclined bands that intersect at the center of the
plate and penetrate the entire section. The intersections of these
bands with the plate surface are revealed by two horizontal wedge-
shaped etching regions above and below the crack and one wedge in
line with the crack on the plate midsection, Embryonic wedges of this
type can be seen in Figures 11(a) and (c); and are described in more
detail in References (19) and (20).

(E)i 1
ﬁ) B

wlantantant

2Y
ek oy = [1+ 4n (1 + x/9), where x is the distance from the notch root, r is the
root radius, and Y is the uniaxial yvield stress.
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It should be noted that the ¥ Z,yz~relaxations are not always
strongly etched on sections parallel to the plate surface (compare
Figure 9(d) with 9(g). This may arise because the dislocations involved
are largely in the plane of the plate and intersect parallel sections in-
frequently. It seems likely that etched sections parallel to the plate
surface, such as Figures 16 and 20 which only contain evidence of in-plane
deformation, are deceptive, especially since the surface displacement
measurements in Table 3 show that through-the-thickness relaxation in-

. . K2 1
creases continuously with =2 W
0% -Relaxation, Figure 24(d). The Yyz,yz-field does not extend be-

EY,YZ

hind the crack front, but is accommodated near the front by shears

similar to the ones identified here as 7xy,yz-relaxation. This component
does not stand by itself on any of the etched sections and is more diffi-
cult to identify. However, its presence is clearly revealed by the dis-
placement contours derived from the interferometric patterns in Figure 12,
which illustrate that the yxy,yz—zone is located just behind the crack
front. The yxy’yz—deformation becomes apparent on etched sections when,
surface and interior sections are compared. This is because the yxy, 5=
deformation is symmetric about the center of the plate: vanishingly small
on the midsection and most intemse at the plate surface. For example, the
dark etching region in Figure 11(a) that corresponds with displacements
produced by ny’yz~shears is absent in Figure 11(c).

The zone size can also be deduced from the etched sections, but comparisens
with theory are not entirely straight forward, This is because "plane strain” cal-
culationg only consider yxy,x -shears while the etched sections contain contributions
from this and the Vyz, yp and gxy,yz components. Two dimensions, @ and &, that come
close to delineating the YX ,xy-ZOne, are identified in Figure 1, and measured values
are quoted in Table 2 apd Figures 25 and 26:

P - The zone length is defined as the distance between the crack
(or slit) root and the furthest extent of plasticity measured

radially from the crack tip or the center of curvature of the
slit

4 - The width of the Vyy yy-zone at the slit or crack tip
measured along the crack line.

The definition for p has the advantage that it is relatively unambiguocus from an ex-
perimental standpoint. While it is not certain that the furthest extent of the zone
corresponds to plane strain deformation, it seems likely that this is a reasonably
good approximation as long as ny,xy—deformation is the dominant component. For
example, the results for samples 5-57 and X-2 show that p-values are essentially in-
dependent of plate thickness in this range. On the other hand, the two p-values in
Figure 25 for which through-the~thickness relaxation predominates, do f£all on the
high side. Zone lengths for the blunter slits appear to be gystematically larger
than for the sharp cracks, possibly because the slits were held under load for a
longer period of time.

The measurement of £ is best accomplished on etched midsections since the
7xy’yz—relaxation is absent here. The remaining Yxy,xy-deformation can then be
differentiated from yyz,yz on the basis of the slip markings: the former produces
etched slip markings with the spiral and fan character; the latter markings tend to
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be parallel to the x-axis (see Figure 24). ,The results of such measurements are
plotted in Figure 26 in terms of the ratio 5. This ratio does not appear to be a
constant so that the zome width is not proportional to zone-length; the ratio 2 de-
creases from about 0.35 to 0.05 as the stress level increases over the range examined.
The width of the zones attending the slits appeared to be somewhat larger than for

the cracks, a difference that is most probably related to the larger root radius of
the slits.
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The through-the-thickness components are also important because of their
influence on the triaxial stress state, Efforts were therefore made to charac~
terize the contributions these make with the help of the following quantities which
are described in Table 3 and Figure 27.

w - The maximum z-direction displacement of the plate surface produced
by plastic deformation., Values were obtained by measuring the dis-~
placement of a point 0.001 in. and immediately ahead of the crack
(or slit) tip relative to a point just outside the plastic zone,
e.g., points (1) and (2) in Figure 12(b). These displacements were
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obtained under full load from the plastic replicas of the surface,
and after unloading from the interferometric fringe patterns. Is?—
displacement contours obtained from such patterns are reproduced in

Figure 12.
— - - 2y
€~ The average strain at the crack tip corresponding to w: ez = T
z (where t is the plate thickness).
v! - The crack opening displacement at the crack tip produced by through-
« the-thickness deformation. An estimate of the average displacement
over the plate cross section is obtained from the surface displace-
ment measurements”:
=
v'oar - . if w dy (L
C t ¥=0
vg - The crack opening displacement produced by in-plane relaxation.
Estimates of this value were obtained from Bilby and Swinden's
theoretical expression**’
vg = ;Ea In sec %% (2)

A comparison of the w-values obtained for samples X-2 and X-3 (the two samples
possess the same thickness and were loaded to about the same stress level, see
Table 3) indicates that values measured under load are approximately twice the
value measured after unloading. The factor 2 is consistent with theoretical expecta~
tiong "2 and was used to convert residual displacement measurements into estimates
of the full-load values. Figure 27(a) presents more evidence favoring this approxi-
mation. €,-values derived from full-load w-measurements are in good accord with the
estimate obtained by taking 2x the w-value measured after unloading. The results in
Figure 27(a) also illustrate that €_ increases continuously with (%) % over the
range examined and that small but measurable through-the-thickness sgrains are ob-
served under conditions normally regarded as plane strain, i.e., (%) % <0.4.
v‘

The ratio ;ﬁ'is more meaningful in this respect, because 1t expresses the
relative contribution§ of through-the-thickness and in-plane deformation to the
blunting of the crack, The plot in Figure 27 (b} thus indicates that through-the-

2
thickness relaxation already makes a Sign%ficant contribution at (%J % = 0.4 and
K

T
becomes the dominant mode X% z 1 when §J % = 1.7, or equivalently when Q0 == %
This last result is consistént with expectations for V -deformation™** (20) and

yz,¥ye

* Assuming plastic deformation proceeds without a volume change, and that strains

are zero in the x-direction.

*% Since the Bilby-Swinden model provides a relatively good description of p (see
Figure 25), it was assumed that it would also provide a reasomable estimate of v",.
In Equation (2), E is Young's modulus. ¢
EE

Since Vyz,yzmslip bands are inclined ~45° to the tensile axis, they are not im-

peded by elastic regiong and can freely penetrate the entire plate when p x:% (20)

.
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1
this provides gsome support for the method of formulalting the V% -ratio. The inter-
! c
V '
pretation of —%~—values is complicated by the fact that through-the-thickness relax-
ation is more %ntense near the plate surface than in thg interior under conditions

Ve
approaching plane strain. As a result, values of the ¥ -ratio appropriate for the

plate midsection are smaller than the average values quoted in Figure 27(b) in the
range 0 < (%]2 e < 1. This also means that the chan%e from predominantly plane strain
¢ . s . K 1 .

to predominantly plane stress in the vicinity of |F] T~ 1 is probably marked by

! -
Ve _transition that is more abrupt than the one revealed in Tigure 27(b). The various
v
displacement values quoted, together with the dimensions of the plastic zone also pro-
vide a way of estimating average strains and this is illustrated in Table 4,

I1V. DISCUSSION

Comparisons with the theoretical treatments of plane strain deformation
identified in Figure 1 show that Tuba's(14) enclaves reproduce the general shape of

the experimental yxy < ~field to a good approximation. For example, the 68°

inclination suggested gy Tuba's zones agrees with the 65° % 8° value derived from

the etchings., The measured p-values are also in good accord with Tuba's measure-
ments*, and they are also closely represented by the Bilby-Swinden expression
(quoted in Figure 1(c)) and the Rice and Rosengren(ls) result (Figure 1(b)). However,
the Rice and Rosengren zones display a backward tilt not observed in practice. Accord-
ing to Rice 32 » this tilt may be a consequence of assigning a Poisson's ratio of 1/2

to the elastic as well as the plastic region, an oversimplification Rice is now attempt-
ing to correct. Calculations based on the elastic stress field such as Liu's(l2
treatment, tend to underestimate p.

Irwin's generalized zone parameter, r_, also grossly underestimates p; r
does provide reasonable estimates of £ (the one’parameter with which it really should
be compared) in the K/Y range examined here, but its stress dependence is the same as
@, which is not confirmed by the experiments. Rice and Rosengren grossly under~
estimate 4 at low stress levels. The proportions of Liu's zone are more realistic
than those derived from the Rice and Rosengren treatment, but meither predict a vari-
ation in the £ ratio, Tuba's treatment does reproduce the change in 7 but over-
estimates thé values of this ratio. It appears that none of the ecurrent theoretical
treatments provides a satisfying description of the zone width-4, which suggests that
these treatments may also encounter difficulties in describing the strain distri-
bution within the zone. For example, the results for sample $-107 illustrate that
the peak strain is already in excess of 0.03™®at a stress intensity level = 0.21 in,
€ = 0.21). So far, only Tuba has calculated strain profiles and he shows a peak

plastic strain of about 0.002 at the crack tip at a stress level of % = 0.67. However,
the two results are not comparable since the strain in advance of the crack is governed
by — rather than E—(Tuba's crack length is not stated in absolute terms). Furthermore,
the strains calculated by Tuba near the crack tip may still be influenced by the mesh

size

* The value quoted for I-0.u possibly suffers inordinantly from an inadequate

mesh size.

<

atan

%% The light etching region shows that the strain is in excess of 0.05 after unload-
ing. Approximately 1/3 of this occurred while the load was removed; the full-
load value was thus approximately 2/3 of 0.005 or 0.003.



TABLE 4. ESTIMATES OF IN-PLANE AND THROUGH-THE-THICKNESS PLASTIC STRAINS
IN THE VICINITY OF THE CRACK TIP

In-Plane Deformation Threugh~The-Thickness Deformatiog
(b) (g)
(h) (1)
K (a) 2y" (¢} (d) (£) v
3 2 c _ _ (e) X Xy,yz -
- € R -5, €
Sample No. (Vin.} (in.) (10 > in.} yxy,xy €xy,xy xy,xy {max) {in.) (10 in.) yxy,yz XV,VZ
S~107 (crack) 0.21 0.003 4.8 0.0L16 0.008 > 0.03 - - - -
S-57 (slit) 0.42 0.010 20 0.020 0.010 > 0,03 0.006 16 0.027 0,014
S-60 (slit) 0.64 0.020 54 0.027 0.014 > 0,03 0.024 60 0.025 0.013
{a) Zone width, as previously defined,
(b} vg is the component of crack opening displacement at the crack (or slit) tip produced by in-plane
. R . X (13) Ya T
7 - R n _ ALd L
(}%y,xy) relaxations, Values quoted are estimates based on the Bilby-Swinden model: Ve T 7E k0 sec 7Y
2y"
{c) yxy xy = —EE is the average in-plane plastic shear strain in zone just ahead of craclk.
, .
[— —_— — 1 —_—
d i h i i dj : = = .
(d) Exy,xy is the tensile strain corresponding to yxy,xy exy,xy 5 yxy,xy
(e} Peak tensile strain at the crack tip deduced from etching response,
{(f) 4' is the width of yxy yz—zone near crack tip as denoted by arrows in Figure 12.
3
(g) vxy vz is the full load (or 2x the residual) z-direction displacement over the distance £' marked by arrows
L
in Figure 12,
(h) yxy vz = L 1s the average Y xy yz—shear strain at the crack tip and plate surface.
H 3
(i) € is the average tensile strain corresponding to ¥ —_— =1z
XY 3 VE P 8 yXY:YZ' EXY:YZ ; yxy,yz )
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The results may also be compared with plastic zones produced by Clark(24)
in l-in. thick, compact tension (double cantilever beam) specimens of Fe-351 (heat
GG) and revealed by the etching technique described here. While their appearance is
quite similar, Clark's zones are only about half as large at comparable stress in-
tensity levels as the zones described here. Recent caleculations by Wilson(33) in-
dicate that this differerceis a consequence of the finite dimensions of the compact
tensile specimen and their influence on the stress field.

1

Values of the ratio %ﬁ <1 are evidence that the in-plane (7§Y xy) com-
. ) Ve . , , ;
ponent is the dominant relaxation. While this dominance and the approach to plane

strain are synonymous, the plane strain state is only attained in the limit
1

2 v .. . .
—% - 0, Conversely, increasing values of m% signify a shift away from plane strain
v Ve
c 1
in the general direction of plane stress, Figure 27(b) shows that the‘%% ratio begins

t
could be a sign of the beginning of a rapid loss of constraint and triaxiality and,
thus, could provide a basis for fixing a practical upper bound to the plane strain
region. For example, the authors have shown in a related paper(B) that fracture
toughness values become gensitive to the thickness at a stress intensity level-

to increase more rapidly beyond {% = > 1 or, equivalently, beyond{)=£§? The change

thickness combination closer to (? ¥ = 1 than to 0.4. More displacement measure-

ments of this type on other materials would be desirable to affirm this conclusion.

By the same token, the dominance of through~the-thickness deformation and the

approach to plane stress are synonymous. However, thi? does not mean that z-direction

stresses within the zone are completely relaxed whe? ;% z 1, 1t seems likely that the
vel V€

plane stress state is only attained in the limit (vw —7 @ , It is possible that dis-

placement measurements could alsc be of value in se%ting a practical lower bound to

the plane stress region,

VvV, CONCLUSTONS

1. Three types of plastic relaxation are observed within the plaatic
zones produced by both sharp cracks and by blunt notches; one component is confined
to the plane of the plate (plane strain) and two accommodate through-the-thickness
deformation, Under conditions approaching plane strain in-plane deformation is the
predominant mode, but traces of plastic through-the-thickness deformation still

2
penetrate the entire plate at {%) % = 0.41.

2. Theoretical treatments of the plane strain zone by Bilby and Swinden,
by Tuba and by Rice and Rosengren are in good accord with measurements of the maxi-
mum extent of the zone. The zone width (measured at the crack tip) does not appear
to be proportional to the zone length; the width to length ratioc decreases from 0.35

to 0.05 as the stress intensity level is increased in the range from % = 0.2 Jin.
to 0.6y iIn. None of the existing theoretical treatments offer a really satisfactory
description of this dimension.

3. The etching reveals that the in-plane deformation within the plastic
zone is produced by a system of shears similar to the logarithmic spiral slip-line
field combined with elements of the punch field. This part of the zone is best
revealed on the plate midsection. The etching also provides insights to character
and location of shears responsible for through-the-thickness deformation and the
magnitude of the plastic strains generated within the zone, TFor example, the peak

strain at the tip of a sharp crack already exceeds 0.03 when % = 0,21 Jin.
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4, Surface displacemenk measurements indicate there is an increase in
the rate at which through-the-thickness deformation accumulates relative to in-plane

. K 1
deformation when‘(fl T > 1, This change may serve to identify a practical upper
bound to the plane strain regime. The displacement measurements also suggestzthat
through-the~thickness deformation is the dominant mode of relaxation when {%) % > 1.7,
but this is not necessarily equivalent to a close approach to a state of plane stress.
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