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CRACK RESISTANCE PROPERTIES OF HIGH STRENGTH ALUMINUM ALLOYS

C. M. Carman(l), D. F. Armiento(l) and H. Markus{(2)

ABSTRACT

: e principles of fracture mechanics define the critical value
of as that value of crack tip driving force necessary to produce
fack instability. The concept of crack instability ig discussed,
uging the relationship of the partial derivative with respect to
4" (half crack length) and the partial derivative of R (material
#istance) with respect to "a". Instability occurs when the rate of
hange of stress with specimen elongation is zero (do/de = 0).

In ordinary fracture toughness testing, only one point on the
¥ick resistance curve ig determined; namely, the instability point,
) ¢, for the particular specimen used. However, it has been shown

Experimental data obtained for the high strength aluminum alloys
af the Al-Zn-Mg family (7000 series) show that these materials
#xhibited limited slow crack extension. Comparison of the data
obtajined with 4-in. and 20-in, wide panels showed somewhat higher

c values for the 20-in. wide panel tests and that the wider
fldnels are necessary to more fully develop the crack resistance curve.

- Experimental data obtained for high strength aluminum alloys of
the Al-Cu family (2000 series) and a strain hardening alloy (5456-H343)
show that these materials exhibited considerable slow crack extension.
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Pitman-Dunn Research Laboratories, Frankford Arsenal,
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The effect of Purity on the fracture toughness of high strength
aluminum alloys was studied using special melts of 7075-T6 and :
2024-T4 having very low contents of iron and silicon. Results of
this study show that increasing the purity increases the fracture
toughness, A possible mechanism for this increase of fracture tough
ness is presented. Thig mechanism 18 based on the development and
growth of the ductile rupture dimples observed on the fracture
surface as influenced by the structure of these alloys.

LIST OF SYMBOLS

K = stress field parameter describing the local elevation of
the elastic stress field ahead of the crack.

Oyx = stress parallel to the crack.

ox
E = Young's Modulus.

Jﬂga elastic energy release rate.
Y = Poisson's ratio.

R = crack resistance.

e = specimen deflection.

a = 1/2 crack length.

v = displacement in the y direction.
W = specimen width.

€ = strain.

Opet = net section stress.

Oys =.0.20 percent tensile yield strength.
0 = gross section stress.

WPZ = with plastic zone correction.

WOPZ = withoug plastic zone correction.
dW/dA = work function.

y = distance from the crack plane at which displacement
measurements were made.

Subscripts

I = first or opening mode of fracture.

¢ = critical value of a parameter.
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INTRODUCTION < [rwin(4) has advanced two concepts to explain the observed in-
_ #isase of fracture toughness with specimen width. Plastic deformation
ecent article, Irwin and Srawleyfl) have reviewed the #8dociated with crack growth is essential to the explanation for

In ar
Current status of fracture testing in relation to materials evaluation difference of actual fracture energy requirements over surface

using the concepts of modern fracture mechanics. In their review, : ; #@ energy. In this analysis, it is assumed that this plastic
fracture mechanics was defined ag a branch of classical mechanics of 3 formation forms a zone of relieved tensile stress immediately
deformable media which deals with bodies containing cracks. Irwin,(ZJ . #head of the crack in the Plane of the sheet, so that the crack is
in a detailed explanation of the subject, has defined the crack in the #ffectively lo A roughly constant

centered on the gtregs field at the leading edge of the crack. By
means of ap appropriate stress analysis, it is possible to express
tbe effects of component shape and loading conditions by a stress
Silngularity at the leading edge of the crack. By this Procedure, it
is possible to describe the stresg environment around the leading
edge of the crack in terms of a single parameter, the crack edge
stress field intensity, K.

second concept states that the plastic zone and, thus, the
toughness grow as the crack extends from a crack simulating
notch or from an actual fatigue crack. This concept

the possibility that the fracture toughness, at instability,
be constant and that instability may occur before an

ilibrium maximum size of the plastic zone ig attained. 1If one
The K parameter is directly related to the elastic energy

release rate, or crack extension force, B, of the theory of A. A,

Griffith, as shown in Equations 1 and 2. gure 1B), fast fracture instability occurs at the point of

22 o E,ég (plane stress) o gency between it and the crack extension force curve, .

4 This concept is somewhat oversjmplifjed in that the e uali

¥/ =R is very nearly true for > c as well ag < c.
180, it should not be inferred that the difference between

id the extra olated R curve is available to accelerate the crack.
> c» the crack speed rapidly adjusts to a value such

K2 = E_& I
(1-y2)

From early considerations of the Irwin-Griffith concept, it would
be anticipated that a relatively constant value of the critical '
elastic eénergy release rate, Jig ¢» wWould be obtained, regardless of
Spécimen width. This value would be essentially independent of the ' #lstance values for nearly zero crack speed.
crack length, "a", as {llustrated in Figure 1A. 1In this figure the |
crack resistance of the material is shown as a constant or slightly
decreasing value when plotted against the crack length, while the
driving force curve is shown as an Increasing function of "aw,
Instability wi]] occur at the intersection of these two curves,

At this point the two curves sharply diverge and result in a spon-
taneous oversupply of driving force for the crack.

(plane strain) (2)

~ Srawley and Brown(5) have clarified the conditions for crack
fnstability, By definition, Jég c 1s,equal to the value of R at
inltability, and beyond this point increases more apidly with
#pecimen deflection, €, than does R. The values of and R are
#qual up to the point of instability; these quantities represent
dlatinctly different physical entities and have different functional
felations to the subsidiary test variablesg o and "a", The crack
Pesistance of the material will follow the applied at least up
to the point of instability. Expressing this in terms of the
subsidiary variables, ¢ and "a", yields

However, eéxperimental data obtained using specimens of various
widths show that the above situation does not occur and that the
wider, more deeply notched specimens show higher values of }éic.(3)
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The engineering tensile properties of these alloys were
determined using pin-loaded sheet specimens, 0.500 in. wide having

# 2 in. gage length. Results are given in Table II. It will be
observed that the tensile properties of the commercial and high
purity alloys are within the normal commercial specification require-
_ments for these alloys.

d(ﬁ R)/de = 0 = (3_#/30) (do/de) + .4 /3a) (da/de) -
(3R/30) (do/de) - (3R/3a)(da/de) (3)

One definition of instability is dg/de = 0 and, in that case,
Equation 3 reduces to

A 10, ., = Gr/za), o )

In a fracture toughness test as normally conducted, the value of
only one point on the crack extension resistance curve is determined,
namely, the nstability point for the particular specimen uged, which
1s called c- How nearly independent of crack length c will
be for a group of tests on the same material, using specimens with
different initial crack lengths, will depend upon the form of the R
curve for the material. To characterize the fracture toughness of a
material thoroughly, it will be necessary to determine the entire R
curve,

EXPERIMENTAL PROCEDURES

The development of the crack resistance curves requires a

_ knowledge of the history of the stress and crack length up to the

- point of instability. Two experimental techniques are available for
determining the stress and crack length reluationship. The first
technique involves direct measurement of the crack length and load
during test. The second technique is concerned with the indirect
measurement of crack length through the measurement of the change in
. the elastic compliance of the specimen. Both experimental procedures

This investi
vestigation was undertaken to study and to develop the were used in this investigation.

ﬁiaﬁk resistance curves of commercial high strength and high purity-
gh strength aluninum v da : The direct measurement technique can readily be applied to tests
of relatively wide panels. The specimen employed for this phase of
the investigation is shown in Figure 2. A specimen width of 20 in.
for the reduced section was selected for all tests. After a prelimi-
_nary study, an initial crack length of 8 in. was selected as giving
_ the most information concerning the crack resistance curve. The
pecimens were machined to the desired contour, and the 8-in. slot
was cut in the center by electro discharge machining. An additional
harper notch was cut at the tip of the slot by electro discharge
machining using 0.0015 in. thick foil. This procedure results in a
Bquare notch tip of approximately 0.003 in. width. This tip was
sharpened to a root rad}ua of 0.001 in. by means of a hardened steel
razor blade. Kaufman(®) hag shown that this notch sharpness is
equivalent to fatigue cracking for most high strength aluminum alloys.

MATERIALS

Precipitation hardening alloys of the Al-Zn-Mg family (7000
series) and the Al-Cu family (2000 series), procured as commercially
rolled sheet, were selected for this investigation., A list of the
various alloys and sheet thickness is shown in Table I,

Work in the ferrous industry has shown that improvement in the
fracture toughness at high strength levels may be achieved by im-
Proving the purity of the products. This has resulted in the
application of consumable electrode vacuum-melted steels for highly
stressed parts, Assuming a similar effect may occur in aluminum
alloys, high purity 7075 and 2024 aluminum alloys were melted from
specially selected raw materials to produce alloys having very low
impurity contents (max. residual impurities 0.025 percent). Compari-
son of the crack resigtance curves of these materials with those of
commercial alloys will permit assessing the effects of impurities
on fracture toughness,

General consideration of Eh? shape of the crack resistance curve
by Krafft, Sullivan, and Boyle 3 indicates an almost vertical rise
of the crack resistance curve until plane strain instability is
reached, followed by a development of greater crack resistance with
crack growth. The initial onset of crack growth at plane strain
ingtability cannot usually be detected on the surface of the specimen.
To determine the crack pop-in load, electrical resistance strain
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'.:kwtion 5 was solved for a 4-in. wide panel and the values of
gv/oW are plotted as a function of ma/W in Figure 7.

gages were attached to the specimen just ahead of the notch. When
plane strain instability is reached, there is a rapid transfer of
load so that an inflection is observed in the load-strain gage reading
curve at crack pop-in. Although a theoretical relationship may be suitable for this
purpose, it should be confirmed experimentally. Consequently, a
series of 7075-T6 aluminum panels, 1/8 in. thick, with carefully
sachined slots of varying lengths, was prepared. These specimens
ware stressed at a low level to minimize the effect of plastic defor-
mation at the slot tip. The experimentally determined relationship
between displacement and crack length is shown as a golid curve in

Figure 7.

The wide panel tests were conducted on a 300,000-1b tensile
machine. These specimens were pin-locaded through special adaptors,
Lubricated face plates were used to prevent buckling during the test.
An assembled spec_imen is shown in Figure 3.

The crack length and load were recorded by means of two high
speed motion picture cameras. One camera recorded the crack length
and the other photographed the loading dial. The relationship betwee
the two motion picture films was established by synchronized stop
watches on the specimen and loading dial. The complete experimental
equipment is shown in Figure 4,

It will be observed that the general shape of the curves is the
game, although some significant differences were found. Wider
‘divergence between the two curves was observed at ma/W values greater
than 0.8. This indicates that the boundary conditions assumed in the
tress analysis do not apply for total crack lengths (2a) greater
than W/2. Therefore, all data from specimens which had crack lengths
"4t instability greater than W/2 were discarded. Also, in view of

_ these discrepancies, although small, the experimentally determined
gurve was used in preference to the theoretical calibration curve

or crack length measurements.

An illustrative frame from the motion pictures, showing the crack
length just preceding instability for 1/8 in. thick 7075-T6 aluminum,
is shown in Figure 5.

The indirect method of crack length measurement involves
detection of the change in elastic compliance of the specimen with
crack extension. In essence, the technique consists of measuring the
displacement of two fiducial points which span the crack and relating

this to the crack extension. EXPERIMENTAL RESULTS AND DISCUSSION

This investigation may be divided into two parts. The first

part is concerned with the definition and determination of crack insta-
bility. The second part is the actual development of the crack
‘resistance curve. However, these two parts are not separable.

The specimen selected for this phase of the investigation was a
center-cracked specimen, 4 in. wide by 12 in. long. A center slot,
1 in. long, was cut in the specimen with a fine saw blade. The notch
was precracked in fatigue prior to testing. The compliance gage used
was similar to that described by Boyle(7) and consists of two L-shaped
arms which are pivoted on the line of crack extension. An exten-
someter is attached to the end of the arms to measure the deflection.
This instrument, in position on the specimen, is shown in Figure 6.

In the introduction, the point of instability was defined by
 Equation 4 to be Qs /3a)y = 5. = (3R/3a) 5 = Oc* Use of this
¢riterion requires the differenfiation of the —crack resistance
curve and the crack driving force curve. The crack resistance curves
were calculated from the instantaneous load and direct or indirect
crack length measurements using Irwin's tangent formula:

Hone ) -G ©

Irwin has derived an equation which relates the displacement
and crack length. This expression is given in Equation 5.

cosh A

Ev = {g‘i cosh']‘ L - 1+ y 4+ Y} P A (5) :
oy T cos = ma\2]1/2 w The (3R/3a)g = g, 18 determined by graphical differentiation of the
L B W crack resistance curve.
1+ _—-—EI
sinh W
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The influence of the plastic zone on the crack resistance is shown
as the dotted curve in Figure 8. The difference between the dotted
and solid curves is small, but still significant.

The value of half crack length at which the two derivatives
are equal determines the critical value of j . Since ﬁ is also

defined by Equation 6, the value of (3 D 138)g = o
differentiating Equation 6 with resp

Equation 7:
3. _ad

o2
da da - EE_ sec? gé (N

1s determined by
ect to "a", resulting in

In Figure 9, the derivatives of the crack resistance curves of
these 7075-T6 aluminum alloy specimens are plotted against the half
crack length. Also, the derivative of the driving force curve is
plotted against the half crack length. The point of intersection of
these two curves gives the value of half crack length at instability,
The steep slope of the driving force curve for short values of the
crack length accounts for the very small slow crack extension observed
for the shorter values of initial crack length. Similar behavior has
been reported by Brown(8) for data obtained using 24-in. wide panels
of 2219-T86 aluminum alloy, which exhibited considerable stable slow
crack growth. These data were reported in the Fifth Committee Report
of the ASTM Fracture Test Committee.(9)

Multiplying Equation 7 by ‘N/‘g gives

2 (3)- = @

21Ta
sin W

The values of the derivatives of the crack resistance curve and the
driving force curve will be plotted as a function of "a" on the same
graph (e.g. Figure 9). The point of intersection of these two

The crack resistance curves for 7075-T6 aluminum alloy are shown
curves represents the half crack length at crack instability.

in Figure 10. The half crack length at instability for these speci-
mens was determined by the intersection of the derivatives of the
crack resistance and driving force curves using the techniques shown
in Figure 9. Two methods were used for calculating ¢+ The first
procedure involves substituting the value of "a" at instability into
Equation 6. However, this procedure does not correct for the zone
of plasticity at the tip of the crack. The second procedure %olvea
the same determination of "a" at instability and determining c
from the crack resistance curve. It will be observed that the crack
resistance curves rise sharply to the point of crack igitiation
instability or the plane straln fracture toughness ( Ic). This
point was detected by the "pop-in" technique as described by Boyle,
Sullivan, and Krafft.(10) In the wide panel tests, small electrical
resistance strain gages cemented to the specimen just ahead of the
crack were used to detect the "pop~-in."

High Strength Aluminum Alloys of the 7000 Series

The development of the crack resistance curves requires that the
crack resistance of the material be determined ag a function of the
crack extension. It ig recognized that the extent of slow crack ex-
tension may be a function of the initial half crack length, ay. To
study this effect, 20-in. wide Panels were machined from 0.063 in.
thick 7075-T6 aluminum alloy. Initial crack lengths, 2a,, equal to
2 in., 5 in,, and 8 in., were tested. These results are shown
graphically in Figure 8. It will be observed that the longer initial
crack length resulted in greater slow crack extension. However, the

¢ value (as given by the termination of the R curve) for this
material, as determined from these tests, is essentially constant.

The crack resistance curves continue to rise rather steeply
with crack extension until instability is reached. These crack
resistance curves show esgsentially the same shape regardless of the
specimen width or thickness, except for deviations in the 20-1in.
wide panels, as instability is approached. Comparison of the solid
curves (calculated with plastic zone correction) with the dotted
curves (without plastic zone correction) shows very little difference,
therefore the curves calculated with the plastic zone correction will
he reported for this family of alloys.

rye = & 9

2oyg B
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If these ideas are correct, then the lower ny ¢ values associ-
ated with the 1/8 in., and 1/16 in, thick sheets will be associated
with a reduction in the number of internal splits. Metallographic
studies of the 1/8 in. and 1/16 in. thick specimens are shown in
Figures 14 and 15, respectively. It will be observed that the number

The critical value ofﬁ increases as the specimen thickness
decreases. This behavior would be anticipated since the size of the
plastic zone relative to plate thickness increages as the plate
thickness is reduced. The critical value of as determined by
both panel widths is essentially the same. This indicates that the
4-in, wide panel is sufficiently large for this material.

The profile of the 1/16 in. thick specimen (Figure 15) is essentially
The crack resistance curves of 7079-T6 alyminum alloy are shown free of intermal splits.
in Figure 11. It will be observed that the )gyi values determined,

using the 4-in. wide specimen, were depressed when compared with the
values determined from the 20-in. wide specimen. Examination of the
detailed experimental data in Table III shows that the Onet/0Oys ratio
for the 4-in. wjde specimens approached unity. Under these con-
ditions, the 5{; ¢ value may be depressed.

The fracture toughness data for these alloys are summarized in
Table III. Examination of these data shows that the ratio of
Onet/Oys was less than 0,80 for all the 20-in. wide panels tested.
Consequently, the g ¢ values reported have not been influenced by
ylelding on the net section. The Fifth Committee Report(9) of the
AST™ Fracture Jest Committee shows that high nominal stresses may
depress the ;& ¢ values so detemin;bto a greater extent than
anticipated from an analysis of the and R curves, In the example
of the lower toughness-higher strength alloys, 7075-T6 and 7178-T6,
the correction for the plastic strgin zone at the crack tip did not
appreciably alter the values of c obtained. Further examination
of these gdata shows a small but significant effect of specimen width
on the gé? ¢ value does exist. Since some doubt has been raised
cogcerning the general application of the tangent equation, the
ggf ¢ values for 7075-T6, 7079-T6, and 7178-T6 were computed using
the relationships developed by Isida.(l11) These calculations resulted
in an over-all elevation of the ¢ values, but failed to eliminate
the geometric size effect. Further studies are needed to establish
this behavior fully.

The crack resistance curves for 7178-T6 aluminum alloy are shown
in Figure 12. The crack resistance curves for the 4-in. wide panels
show the same behavior as that exhibited by the 7075-T6 aluminum
alloy. This behavior is considered normal. However, the behavior
exhibited by the 20-in. wide panels is anomglous with the 1/4 in.
thick panel showing the highest value of c- Since this behavior
1s not in accord with expectations, an explanation is required to
resolve this problem.

Since ,&7 c 1s a measure of the energy required for crack propa-
gation, an additional means of energy dissipation would have to be
found for the 1/4 in. thick specimen if our expectations were correct.
Most high strength aluminum alloys are characterized by weakness in
the short transverse direction. In the example of the 7178-T6
aluminum alloy, the 1/4 in. thick specimen had sufficient elastic
constraint to maintain essentially plane strain conditions. Under
plane strain conditions, €, = 0, so that a triaxial stress condition
exists at the crack tip. This may lead to the opening of internal
splits in the specimen. To determine if this is true, metallographic
specimens were taken perpendicular to the path of crack propagation.

Since the primary objective here is to develop and illustrate

The 4-in. wide specimens of 7079-T6 were too small, as evidenced
by a opet/0yg ratio greater than 0.80. Also, it will be noted that
the ¢ value was depressed when compared to the value determined
using the 20-in. wide specimen.

The profile of this fracture is shown in Figure 13. Numerous
internal splits will be observed in the low magnification photo-
micrographs. Each internal split serves as a small thin specimen
with accompanying plastic deformation. This disproportionately
greater plastic deformation for this plate thickness will cause a
higher value of c- The high magnification photograph of this
figure shows that these splits are associated with the grain boundaries
or insoluable second phase particles.

High Strength Aluminum Alloys of the 2000 Series

The alloys studied in this phase of the investigation include
2014-T6, 2024-T4, and 2219-T81. The crack resistance curves for the
2014-T6 aluminum alloy are shown in Figure 16. It will be observed
that the crack resistance curves developed using the 4-in, wide speci-
men gave significantly lower values of than those determined

c
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of internal splits decreases as plane stress conditions are approached.

principles, the simpler tangent equation was used for all calculatioms.
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using the 20-in. wide specimens. Examination of the detailed
experimental data for the 4-in, wide specimens showed that the net

section stress at instability was sii
ghtly greater than t
strength (Table IV). Ve e

To study the effect of high net section stress at failure,
20-in. wide panel specimens were machined from the 1/8 in. thick
2014-T6 aluminum alloy. Initial slot lengths of 0.50 in., 1.00 in
and 1.50 in. were tested. The crack resistance curves developed i
from this series of tests are shown in Figure 17. The dotted curve
1s a plot of the AS™M Fracture Test Committee's(9) recommended limit
of applicability, namely, the net section stress should not exceed
0.8 times the yleld strength.

It will be observed that the crack resistance curves determined
using the three short crack lengths extend beyond the limit of
applicability, as shown by the dotted line. The ;ég ¢ values de-
termined under thege conditions are depressed when compared with the
values determined using a specimen having an 8 in. long crack with
low net section stress. The crack resistance curve developed using
a specimen having an 8 in, long crack falls within the limit of
applicability, Examination of the detailed experimental data for
this specimen showed that the ratio of net section stress to yield
strength was less than 0.8

The usually high value of5£? c determined from the 1/4 in,
thick specimen of 2014-T6 aluminum alloy (Figure 16) is considered
anomalous., Detailed examination of the specimen gave no clue as to
the cause of thig high value. Apparently some variable in the
Processing history of this sheet has resulted in the high value of
fracture toughness. However, this behavior has been observed
previocusly, on occasions, with other materials,

In attempting to analyze instability conditions for the lower
strength-higher toughness materials (as exemplified by 2024-T4,
2219-T81, and 5456-H343 aluminum alloys), it must be realized that
the plastic strain zone at the crack tip is not small compared to
the crack length, Consequently, the derivative of the driving force
curve should account for the effect of the plastic zone size. The
éxpression which was used is given in Equation 10:(12)

W 2m
d N (10)
4 (y—> sin ,%P- (a+rys) - ———LG; 2
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The value of ry, is defined by Equation 9. The Jf? ¢ values
calculated using the crack length determined by Equation 10 were
compared with the values of ¢ calculated using the crack length
determined from Equation 6. ~ This was done for the three thicknesses
of 2024-T4 aluminum alloy and the 0.125 in. thick specimen of
7075-T6 aluminum alloy. Use of,Equation 10 resulted in an average
change of only 11 pgrcent in ¢ for the 2024-T4 aluminum alloy
and no change in ,ag' c for the 7075-T6 aluminum alloy. Therefore,
Equation 6 was used to compute the instability conditions for all
the materials,

The instability conditions of 2024-T4 aluminum alloy are shown
in Figure 18. The degree of success in defining the instability
conditions for this material, using linear elastic fracture mechanics,
is quite surprising. The mathematical equations call for essentially
elastic behavior, that the zone of plasticity at the crack tip be
small in comparison to the crack length, and that the net section
stress be equal to or less than 0.80 of the yleld strength. However,
the difficulties encountered in making experimental measurements of
this material due to its high fracture toughness and lower strength
usually result in one or more of these conditions being violated.

In spite of this, these instability curves appear reasonable,

The fracture resistance curves for this material are shown in
Figure 19. 1In this figure the crack resistance curves developed
with and without the plastic zone correction are presented. However,
since the net section stress at instability exceeded 0.80 of the
yield strength, it should be realized that the c value is depressed.
Since wide panel data for this material are very limited, these values
are presented for information.

The crack resistance curves for the 2219-T81 aluminum alloy are
shown in Figure 20. Essentially the same remarks may be made con-
cerning this material as were made for the 2024-T4 aluminum alloy.

The fracture toughness data for the 2000 series of aluminum
alloys are summarized in Table IV. Except for the 20-in. wide
panels of 2014-T6, all the net sectiom,atress to yield strength
ratios exceed 0.80. Therefore, the ¢ values reported are con-
sidered lower bound values. However, Tiffany(9) has reported
fracture toughness values for 0.100 in. thick 2219-T87 aluminum alloy
having a yield strength of 59,000 psi. His value for ¢ of
1630 in. 1b/in.2 with plastic zone size correction compares favor-
ably with the value of 1525 in. 1b/in.? determined here for the
2219-T81 aluminum alley. It is understood that his net section
stress at failure met the less than 0.80 yield strength requirement.
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It will be observed that the correction for the plastic zone
size at the crack tip raises the ¢ value for the lower strength
materials by a factor of approximately 1.5. Such a large correction
implies that the plastic zone size is not small compared to the
crack length.

Strain Hardening Aluminum Alloy 5456-H343

The crack resistance curve for 5456-H343 aluminum alloy is shown
in Figure 21. Essentially the same comments may be made for these
data as were made for the 2000 series of aluminum alloys. The data
for this alloy are summarized in Table V.

EFFECTS OF ALLOY PURITY ON FRACTURE TOUGHNESS

After having developed the basic fracture toughness data for the
commercial aluminum alloys, it is reasonable to investigate the
possibility of increasing the fracture toughness without sacrificing
the strength of the material. The most promising avenue of approach
would be to reduce the impurity levels of the alloys to as low a
value as possible. Special melts of high purity 7075 and 2024
aluminum alloys were made. These materials were rolled to 0.125 and
0.090 in. thick sheets. Both 20-in. and 4-in. wide panels were ma-
chined from the 7075-T6 alloy, while only 20-in. wide panels were
machined from the 2024-T4 alloy. The crack resistance curves developed
for the high purity 7075-T6 alloy are shown and are compared with
those for the commercial 7075-T6 alloy in Figure 22, The reduction
of the impurity levels in this alloy has resulted in a significant
increase in the fracture toughness. This is borne out by tests of
both the 4-in., and 20-in. wide panels. Examination of these curves
shows that instability was reached in the high purity alloy with less
stable crack growth than in the commercial alloy. Examination of the
curves for the 4-in. wide panels shows that the anisotropy is no more
pronounced in the high purity alloy than in the commercial alloy.

The crack resistance curves for both the commercial and high
purity 2024-T4 aluminum alloy are shown in Figure 23, A trend
toward higher ng ¢ values for the high purity material is indicated
by these data. However, in an exceedingly tough material such as
2024-T4, one would not anticipate as great an improvement as in a low
toughness material such as 7075-T6 aluminum. Furthermore, the experi-
mental difficulties encountered in measuring the fracture toughness
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of this material make a quantitative assessment of the improvement
due to high purity melting and alloying quite difficult. The data
for these materials are summarized in Table VI.

It will be noted that opet/oOys ratios for the 4-in. wide panels
of high purity 7075-T6 are in excess of 0.80 maximum. Therefore, the
qf? o values for this series of tests are depressed. However, the
20-in. wide panels give reliable fracture toughness values, and a
quantitative evaluation of the effects of high purity may be made.

ENERGY ABSORBING MECHANISMS

The results of this study have shown that the high purity 7075-T6
and 2024-T4 aluminum alloys exhibited higher values of fracture tough-
ness than the same commercial alloys. If some insight could be gained
into the fine mechanisms responsible for this upgrading of fracture
toughness, then it may be possible to exercise control over those
metallurgical factors which govern this property. The plane stress
fracture behavior which has been the major subject of this paper is
extremely difficult to analyze. Therefore, attention will be focused
on the plane strain fracture toughmess for simplicity.

It has been shown that the Sga Ic values for the high purity
alloys are approximately 60 to 100 percent greater than those for
the corresponding commercial alloy. These values represent the work
required to cause unit crack propagation per unit thickness under
plane strain conditions. The energy absorbed may be divided into
two parts. The first part consists of the surface free energy and
the second part, the energy of plastic deformation. However, in
comparing similar or essentially the same materials, it is reasonable
to assume that the surface free energy term is approximately the same
and the differences are a result of the work of plastic deformation.

Krafft(13) and Beacham(14) have developed a model to describe
the fracturing process. In this model, they have theorized that pre-
cracking occurs in advance of the crack front and that these precracks
originate at particles or discontinuities in the metal matrix. The
solid material between the precrack then acts as a small tensile
specimen and ultimate failure is by microvoid coalescence. This
mechanism of fracture results in the formation of ductile rupture
dimples on the fracture surface as discussed by Crussard et al, (15)
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énergy absorption (Figure 27). Further metallographic examination
revealed that the only essential difference between the two alloys
was in the degree of homogeneity (Figure 28). The commercial 2024-T4
alloy shows a much higher percentage of undissolved second phase
particles than the high purity material. Gurland and Plateau(16)
have shown that precracking may occur at these particles, Conse-
quently, the distribution of these particles and the local ductility
of the matrix adjacent to these particles will be the Parameters
{nfluencing the volume of the ductile rupture dimples. Electron
microprobe studies were made of both alloys. Both the high purity
and commercial alloys have copper rich particles. There is a uniform
distribution of copper in the matrix. In the commercial alloy, iron
and manganese are associated with the particles while the silicon is
uniformly distributed in the matrix. The high purity alloy was
essentially free of iron and silicon. Therefore, the high purity
alloy would have larger, and possibly more widely spaced, dimples,

as the data show.

If our initial assumption concerning the work of plastie
deformation is correct, then this may be reflected in the volume of
intensely deformed metal on the fracture surface., It is now possible
to determine the volume of highly deformed metal in the ductile
rupture dimples by means of quantitative electron microfractography.

The fracture surface was replicated using the two-stage plastic
method. The replica, after stripping from the specimen, was coated
with carbon and shadowed with carbon, Stereoscopic photomicrographs
were taken by tilting the specimen holder containing the replica
through an angle of 10 degrees. Typical Photomicrographs of the
dimpled structure observed in the high purity and commercial 2024-T4
aluminum alloy are shown in Figures 24 and 25, respectively. Super-
ficial examination of these fractographs revealed no difference in
the fracture appearance of these alloys.

However, by using the stereographic photomicrographs it is
possible to determine the height of the dimples by means of the
parallax difference, as illustrated in Figure 26. The height of the
dimples is given by Equation 11:

NG ot

Similar results were obtained for the high purity and commercial
7075-T6 aluminum alloys. Iheis)confirm earlier observations by :

. A’Zhl - hz,lyl a1 Carman, Armiento and Markus, (
,J/f 2, b2 It is possible now by analogy to extend the fractographic analy- :
2 2 sis discussed for the plane strain conditions to plane stress :

conditions. With the high purity material, the precracking is
spaced further apart so that the extent of intense plastic defor-
mation is greater and, thus, results in greater fracture toughness.

The volume of plastically deformed metal was calculated from the
diameter and height of the ductile rupture dimples. The results of
these calculations are given in Table VII. Attention is directed to
the following two facts: (1) the average diameter of the dimples in
the high purity 2024-14 alloy is slightly larger than the corresponding
qiameter in the commercial alloy, and (2) the volume of the dimples
1S approximately ten times greater in the high purity alloy than in
the commercial alloy. According to the Krafft-Beacham model, this
implies a greater volume of metal subjected to intense plastic defor-
mation. Similarly it may be possible to relate the difference in the
volume of intensely deformed metal to the structure of the alloy.
However, this volume is only one-ten thousandth of the total volume
of metal subjected to plastic deformation in the fracture process
(see Table VIiI).

—

It is acknowledged that the ideas expressed in this section are
somewhat speculative and certainly do not consider all the events
which may occur in the plastic zone. However, it is felt that an
extension of these observations and ideas may help to relate the
macroscopic behavior and the micro mechanisms of fracture which have
been the subject of metallurgical research for many years.

T i Bl

Metallographic specimens from the fracture specimen were cut
parallel to the path of crack propagation. Examination parallel to
path of crack Propagation showed that the high purity material has a
more irregular and Jagged appearance, normally indicative of higher
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CONCLUSIONS

1. The fracture toughness of both commercial and high purity
aluminum alloys of the 7000 and 2000 series has been determined by
means of the center notched sheet specimen.

2. The instability conditions described here give reproducible
and well defined values of fracture toughness,

3. For the very high strength aluminum alloys, the 4-in, wide
specimen is sufficiently large to give accurate values of fracture
toughness.

4. Both the compliance and photographic method give the same
value of fracture toughness, provided the proper experimental con-
ditions are met.

5. The testing conditions for the 2000 series of aluminum alloys
do not conform to the normal requirements for simple fracture me-
chanics analysis, but the data may be analyzed within the framework
of a refined instability model.

6. The fracture toughness of the 2000 series of aluminum alloys
is greater than the fracture toughness of the 7000 series of aluminum
alloys.

7. Reduction of iron and silicon contents results in an up-
grading of the fracture toughness for both 7075-T6 and 2024-T4
aluminum alloys.

8. Quantitative fractography gives some insight into the me-
chanisms which may be responsible for the upgrading of the fracture
toughness.
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TABLE I

Aluminum Alloys and Product Dimensions

Alloy Sheet Thickness (in.)
7075-T6 0.063, 0.125 and 0.250

7075-T6 (Hi Purity) 0.090 and 0.125
7079-T6 0.125

7178-T6 0.063, 0.125 and 0.250

2014-T6 0.063, 0.125 and 0.250
2219-T181 0.125
5456 -H343 0.125
2024-14 0.063, 0.125 and 0.250

2024-T4 (Hi Purity) 0.090 and 0.125
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TENSILE AND TORSIONAL FRACTURE

OF LOW CARBON STEEL AT LIQUID
NITROGEN TEMPERATURE

Takeo YOKOBORI* and Masahiro TCHIK AWA ##

ABSTRACT

Mechanical, microstructural and crystallographic factors are involved
convolutedly in macroscopic brittle fracture behavior of polycrystalline
low carbon steel, In order to study not only the each factor separately

a simple case, but also the interactions of these factors, in thisarticle
the following investigations were made. (a)The effect on brittle fracture
of stress gradient as induced by the wall thickness of torsion specimens
and by the notch effect, (b)The temperature dependence of torsion frac—
re stress at low temperatures with the purpose of confirming the pre-
ious conclusion on fracture criterion for brittle fracture,

A theoretical consideration also has been attempted for another ex-
planation of brittle fracture criterion and macroscopic brittle fracture

path,
§1, INTRODUCTION

Mechanical, microstructural and crystallographic factors are in-
volved convolutedly in macroscopic mechanical behavior of polycrystal-
line solids, Therefore, it is needed to study not only the each factor
Separately in a simple case, but also the interactions of these factors
as clue to the understanding of macroscopic or overall mechanical be-
. havior. For the case of brittle fracture of steel, such type of studies
have been made on tensile and torsion fracture with unifor stressdis-
ribution at liquid oxygen' ) and nitrogen temperatures,2/)=5 In the
- present paper the effect on such type of brittle fracture of stress gra-
~dient as induced by the wall thickness of torsion specimens and by the
notch effect were studied, The temperature dependence of torsion
fracture stress at low temperatures was also investigated in order to
confirm the previous conclusion?®) on fracture criterion for brittle
fracture,

A theoretical consideration also has been attempted for another
explanation of brittle fracture criterion and macroscopic brittle frac-—
ture path,

Figure 28. Structure of 2024-T4 aluminum alloys. % Professor of Mechanical Engineering, Tohoku University, Sendai,
A. High purity alloy B. Commercial alloy Japan.
** Post Graduate of Mechanical Engineering, Tohoku University,
Sendai, Japan,
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