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Near-threshold fatigue crack growth rate data were developed in annealed, quarter-hard, and full-hard 
copper at various load ratios, (R = O'm~n/trmax). Increasing the R value decreases the resistance to 
threshold crack growth. At a fixed value of R, annealed copper has the slowest near-threshold crack 
propagation rate while full-hard copper has the fastest crack growth rate. Waveform (sine and triangle) 
and specimen geometry (WOL, CT, and CCT) do not appear to affect the rates of near-threshold crack 
propagation. The influences of load ratio and material strength on threshold crack growth behavior can 
be rationalized by crack closure. 

I, INTRODUCTION 

THE fracture mechanics approach to the evaluation of 
fatigue crack growth behavior provides an extremely valu- 
able tool for the development of rational design criteria 
useful in assessing structural integrity and preventing fail- 
ure. The use of the preexisting defect tolerant approach in 
fatigue life prediction can reduce or eliminate the crack 
initiation phase of a fatigue crack which may account for a 
very large percentage of the cyclic life. However, at very 
low stress intensity ranges, preexisting cracks either grow at 
very low rates or do not grow at all under cyclic loading. 
Since fatigue crack growth behavior near the threshold is 
extremely important in applications involving very long 
life considerations, it is necessary to develop these data in 
structural materials. 

This paper presents the results of an evaluation of the 
near-threshold fatigue crack growth rate behavior in com- 
mercially pure copper. The effects of material condition 
(annealed, quarter-hard, and full-hard) and load ratio were 
investigated in detail. The influences of waveform and 
specimen geometry on slow crack propagation rates were 
also considered. Auger analysis was used to examine the 
effects of oxide deposits on threshold crack growth behav- 
ior. In particular, the role of crack closure during near- 
threshold fatigue crack propagation was emphasized. 

II. MATERIAL 

Near-threshold fatigue crack growth tests in air were per- 
formed in ETP (Electrolytic Tough Pitch) copper with 
99.95 pet purity. Three material conditions were character- 
ized: annealed, quarter-hard, and full-hard. Quarter-hard 
and full-hard specimens were cold-rolled to 11 pet and 
31 pet reduction in thickness, respectively. To produce an- 
nealed specimens, quarter-hard materials were heat-treated 
at 550 ~ for one hour. The mechanical properties are 
shown in Table I. 

While annealed copper shows a considerable amount of 
cyclic hardening, quarter-hard and full-hard copper show 
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cyclic softening. Even though the annealed and quarter-hard 
(full-hard) materials have significantly different monotonic 
yield strengths, both have approximately the same order of 
cyclic yield strength. This appears to be consistent with 
Laird and Feltner's I finding that a material of high stacking 
fault energy possesses a unique cyclic stress and strain curve 
regardless of the previous deformation history. Interest- 
ingly, the three materials have nearly the same ultimate 
tensile strength; see Table I. 

III. EXPERIMENTAL TECHNIQUE 

Near-threshold fatigue crack growth tests in annealed and 
full-hard copper were performed using WOL (wedge-open- 
loading) compact toughness specimens. The experiments in 
the quarter-hard material were conducted with WOL, CT 
(compact tension), and CCT (center-cracked) specimens to 
investigate the effect of specimen geometry on slow crack 
propagation behavior. The dimensions of the specimens are 
listed in Table II which shows a large difference in specimen 
size for the three geometries. The notch in each specimen 
was oriented along the rolling direction in quarter-hard and 
full-hard specimens. The tests were conducted in air at load 
ratios (R) of 0.1, 0.3, 0.5, and 0.7. Sinusoidal and trian- 
gular waveforms were used at a frequency of 100 Hz. All of 
the specimens were precracked in accordance with ASTM 
Standard E647. 

The testing system is a closed-loop, electrohydraulic 
MTS machine interfaced with a PDP 11/34A computer. The 
details of the computerized threshold fatigue crack propaga- 
tion test have been reported elsewhere) Briefly, the near- 
threshold fatigue crack growth rates were developed by 
automatically reducing the stress intensity range, AK, 
according to Eq. [1], as suggested by Saxena e t  a l ,  3 

z3J( = Z3dfoe ~(a-~~ [1] 

where AKo is the initial stress intensity range, a is the crack 
length, ao is the initial crack length, and c is a constant with 
a unit of reciprocal length. In this study, the value of c is 
equal to -0 .098  mm -1 which is suitable for copper. 2 

Crack length was determined using the elastic compliance 
method. 4 Visual measurements of crack lengths were in 
good agreement with those determined by the compliance 
technique) The AK expression for each specimen geometry 
can be found in Reference 4. 

Briefly, the logic used by the automated system can be 
divided into three steps. First, the fatigue crack length was 
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Table I. Mechanical Properties of ETP Copper 

0.2 Pct Offset Ultimate 0.2 Pct Offset 
Monotonic Yield Tensile Cyclic Yield Elongation Grain Size** 

Material Strength (MPa) Strength (MPa) Strength* (MPa) (Pct) (/xm) 

Annealed 67 263 134 48 65 
Quarter-hard 188 246 162 27 45 
Full-hard 194 249 177 26 25 

*The cyclic yield strength was determined by the incremental step test. 
**Grain size perpendicular to the rolling direction. 

determined by the compliance. Second, the value of de- 
creased AK was then calculated by Eq. [1]. Third, the ap- 
plied load was determined by using the AK expression 
depending on the specimen geometry. 4 The above three 
steps were repeated until the fatigue crack propagation rate 
reached the threshold. This computerized test can be per- 
formed completely unattended after the operator sets up the 
test. As compared to the manual load-shedding method 
which is often used in near-threshold crack growth tests, the 
present system reduces costly labor and testing time con- 
siderably. Furthermore, data acquisition and analysis were 
automated to give instantaneous information on crack 
growth rates during the test. The rate of crack propagation, 
da/dN, was determined by fitting a polynomial through 
seven consecutive a vs N (cycle) data points, and was de- 
fined as the derivative of the polynomial at the middle point. 

IV. RESULTS 

A. Effect of Load Ratio 

The influence of R values on near-threshold crack growth 
rates in annealed, quarter-hard, and full-hard ETP copper is 
shown in Figures l(a) to (c). For these materials, increasing 
the R ratio increases the rate of slow crack growth. Similar 
behavior has been noted in other alloying systems. 5-x0 As the 
crack propagation rate decreases, the difference in growth 
rates associated with R values becomes larger. Again, this 
behavior is characteristic of near-threshold crack growth 
rate pertbrmance. Note that in Figures l(a) to (c) the an- 
nealed specimen with the lowest monotonic yield strength 
exhibits the greatest sensitivity to the R ratio effect on the 
rate of near-threshold crack propagation. Quarter-hard cop- 
per seems to be more sensitive to the influence of R on 
threshold behavior than full-hard copper. Thus, it appears 
that as the strength increases in copper, the effect of load 
ratio on near-threshold crack propagation rates decreases. 
Ritchie 7 also reported that increasing the strength in tem- 
pered martensitic steels decreased the threshold growth rate 
dependence on the R ratio. 

Table II. Specimen Geometry 

Width Height Thickness Notch Length 
Specimen (mm) (nun) (mm) (mm) 

WOL 81.3 63.0 6.35 32.4 
CT 32.2 31.0 9.00 15.0 

CCT 75.5 228.3 6.35 27.0 

B. Effects of Waveform and Specimen Geometry 

Waveform (sinusoidal or triangular) does not affect crack 
growth rates in annealed, quarter-hard, and full-hard copper 
as shown in Figure 2. Similar results were noted in an 
RR 58 T651 aluminum alloy, u For the three specimen 
geometries studied, WOL, CT, and CCT, there is no signifi- 
cant difference in the rates of near-threshold crack propaga- 
tion for quarter-hard copper at R = 0.1 (Figure 3). Similar 
behavior was also found in aluminum alloys.! la2 Thus, 
based on linear-elastic fracture mechanics, the threshold 
fatigue crack growth rate data developed with various 
specimen geometries can be interchanged and utilized in 
engineering design. 

C. Comparison of Near-Threshold Crack 
Propagation Behavior 

The rates of slow crack growth in annealed, quarter-hard, 
and full-hard copper are compared in Figures 4(a) to (c). It 
appears that as the near-threshold crack propagation rates 
decrease, the difference in growth rates among the three 
materials increases. At threshold levels and for a given value 
of crack growth rate, the corresponding AK in full-hard 
copper is much smaller than that in annealed or quarter-hard 
copper (Figures 4(a) to (b)). For a fixed value of AK, 
quarter-hard copper has a faster threshold crack propagation 
rate than annealed copper at R = 0.1 and 0.3. This suggests 
that increasing the copper's strength by cold working de- 
creases the resistance to slow fatigue crack growth. Similar 
results were also reported in steels. 13 Figures 4(a) to (c) 
showed that increasing R values seemed to reduce the differ- 
ence in crack propagation rates among annealed, quarter- 
hard, and full-hard copper. Interestingly, at R = 0.5, the 
near-threshold crack growth rates in annealed and quarter- 
hard specimens are essentially identical. 

To define operationally the value of the threshold stress 
intensity range, AK~, low rates of crack propagation rang- 
ing from approximately 3.5 x 10 -1~ to 6 x 10 - u m  per 
cycle were fitted by a least-squares regression and the value 
of AK corresponding to a crack growth rate of 10-1~ per 
cycle was taken to be AK~. Table III lists AKth for the three 
materials. The value of AK~ in full-hard copper at R = 0.1 

~0 is close to the literature value of 2.5 MPa k/~m at R = 0. 

D. Fractography 

The fracture surfaces were carefully examined and the 
pertinent results are summarized as follows: 

(a) For each material investigated, it was noted that as the 
fatigue crack growth rate approached the threshold, the 
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Fig. 1 - - ( a )  The effect of R ratio on near-threshold crack growth rates in 
annealed copper. (b) The effect of R ratio on near-threshold crack growth 
rates in quarter-hard copper. (c) The effect of R ratio on near-threshold 
crack growth rates in full-hard copper. 

color of  the fracture surface became much darker (Fig- 
ures 5(a) to (c)). This observation implies that a thick oxide 
layer develops at AK levels near the threshold. Note that a 
particle-like oxide was found in the threshold area, as shown 
in Figures 5(e) and (h) for annealed and quarter-hard copper. 
A detailed discussion regarding the effect of the oxide on 
crack growth behavior is presented later. 
(b) In the region of near-threshold crack propagation, the 
fracture surface is a mixture of intergranular and trans- 
granular failure regardless of material condition and R ratio 
(Figures 5(d), (f) to (j)). However, at the threshold, a trans- 
granular fracture appears to be dominant (Figures 5(g), (h), 
and (j)). 

(c) Increasing R values decreases the percentage of  inter- 
granularity and the amount of  oxide. Similarly, in Ni-Cr- 
Mo-V, L4 Ni-Mo-V, ~s and high-purity BS 817M4016 steels, 
the proportion of  intergranular failure was found to decrease 
with an increase in R. 
(d) As the value of  AK decreases, the percentage of inter- 
granular fracture decreases (Figures 5(i) and (j)), but the 
amount of the oxide increases. 
(e) At a fixed value of  AK, full-hard copper has the largest 
percentage of intergranular failure among the three mate- 
rials (Figures 5(d) and (i)). However, during near-threshold 
crack growth, the full-hard material appears to have the least 
amount of  oxide. 

M E T A L L U R G I C A L  T R A N S A C T I O N S  A V O L U M E  1 3 A ,  S E P T E M B E R  1 9 8 2 - -  1 6 0 9  
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Fig. 2 - - T h e  effect of waveform on near-threshold crack growth rates 
in copper. 

(f) The waveform does not seem to affect the fracture 
morphology. 

E. Characterization of Oxide Formation in Near-Threshold 
Crack Growth 

As noted in Figures 5(a) to (c), (e), and (h), a large 
amount of oxide forms on the crack face as the crack propa- 
gation rate approaches the threshold. The same phenomenon 
was previously found in steels. ~v-2~ For a quantitative study 
of the oxide in the threshold crack growth, Auger spec- 
troscopy combined with sputtering was used to determine 
the thickness of the oxide. The sputtering rate was calibrated 
to a known thickness of tantalum oxide and also by pro- 
filometry on sputtered craters. In this investigation, one 
minute of sputtering time corresponded to a sputtering depth 
of 80A. As argon ions sputter the oxide present on the 
fracture surface, at. pcts of compositional elements in the 
oxide are periodically measured and plotted out. Con- 
sequently, we can obtain a depth profile of at. pct of oxygen 
vs the average distance, d, from the fracture surface into the 
oxide. Figure 6 shows the Auger results in quarter-hard 
copper at three R values. The at. pct of oxygen decreases 
with an increase in d. This is due to the fact that as Ar + in 
the Auger spectrometer continues to sputter the oxide, the 
amount of oxide decreases and eventually, the copper-base 
matrix becomes dominant. 

The oxide on the fracture surfaces is probably not of 
exactly the same thickness within the analyzed area. Fur- 
thermore, surface roughness will affect the apparent oxygen 
profile measured by Auger analysis. The effect of surface 
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roughness may be explained by considering an oxide film of 
uniform thickness on two types of surfaces: (a) a perfectly 
smooth surface, and (b) a rough surface. In case (a), the 
sputtering beam has a fixed orientation with respect to the 
oxide film, and the Auger profile will indicate a very sharp 
interface between oxide and base metal. In case (b), certain 
areas of the oxide film will be sputtered under grazing in- 
cidence, other areas under normal or near-normal incidence, 
and some areas will be shielded from the sputtering beam. 
The resulting apparent Auger profile will show a con- 
tinuously decreasing level of oxygen once the oxide film has 
been penetrated by the sputtering beam in one area. A long 
tail and broad apparent interface may be typical for rough 
surfaces (see Figure 6 for example). The average thickness 
of the oxide is defined as the value of d at which the at. pet 
of oxygen drops 50 pct after sputtering. A similar definition 
was previously used by Wei and Simmons. 22 In the Auger 
spectrometer, the electron beam was scanned at TV-rates. 
The area on the fracture surface for Auger analysis was a 
square of 400/zm.  Thus, the determined oxide thickness 
represents an average value in the area corresponding to a 
given AK. The average thickness of the oxide layer at 
various R values is listed in Table IV. At the threshold, the 
oxide layer thickness at R = 0.1 is approximately one order 
of magnitude greater than that at R = 0.7. Decreasing the 
R ratio increases the thickness of the oxide at the threshold 
level. The same results were also found in a 2.25 Cr-1 Mo 
pressure vessel steel. 23 In Table IV, at R = 0.5 the 
thickness of the oxide at the threshold is about ten times 
larger than that at a higher AK of 7.7 MPa ~/--mm. These 
quantitative measurements of the oxide thickness are in 
good agreement with the fractographic observations, as 
mentioned previously. 
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Fig. 4 - - ( a )  Comparison of crack growth rates in annealed, quarter-hard, 
and full-hard copper at R = 0.1. (b) Comparison of crack growth rates in 
annealed, quarter-hard, and full-hard copper at R = 0,3. (c) Comparison 
of crack growth rates in annealed and quarter-hard copper at R = 0.5. 

V. DISCUSSION 

The results of this investigation clearly show that in- 
creasing the R ratio significantly increases the near- 
threshold fatigue crack growth rates in copper. However, 
the influence of R values on threshold crack growth rates 
tends to decrease with an increase in material strength. At a 
lower R ratio, annealed copper has the largest value of AK~, 
and the full-hard material has the smallest AKth. Never- 
theless, increasing the R ratio decreases the difference in 
AK~ for annealed, quarter-hard, and full-hard copper. In the 
following section, the effects of load ratio and material 
strength on threshold crack growth behavior are discussed in 
light of the concept of crack closure. 

Table IH. Values of AKt. in Copper 

Material R AK~ MPa Vmm 

Annealed O. 1 6.35 
Annealed 0.3 5.35 
Annealed 0.5 4.25 
Annealed 0.7 2.95 

Quarter-hard 0.1 5.70 
Quarter-hard 0.3 4.85 
Quarter-hard 0.5 4.10 
Quarter-hard 0.7 3.30 

Full-hard 0.1 2.55 
Full-hard 0.3 2.35 
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Fig. 5 - - ( a - c )  Optical photos of fracture surfaces: (a) Annealed copper, R = 0.1, magnification 4.3 times. (b) Quarter-hard copper, R = 0.3, magnification 
4.3 times. (c) Full-hard copper R = 0.1, magnification 3.4 times. 

A. Oxide Formation 

The formation of the oxide film in near-threshold crack 
propagation is thought to be due to fretting oxidation 2~'23 
which is a process of continuously breaking and reforming 
of oxide. In threshold crack growth for R larger than zero, 
plasticity-induced crack closure, as discovered by Elber, 24 
makes the upper and lower fracture surfaces contact during 
the tensile loading cycle, and thus, fretting occurs. It was 
reported that crack closure was more significant at low AK 
values than at high AK values. 2~ Recently, Davidson, 27 

and Minakawa and McEvily z8 reported that as the crack 
growth rate approached the threshold, Mode II crack open- 
ing (rubbing) became dominant. Fretting oxidation will be 
enhanced by the Mode II displacement at the threshold lev- 
els. In addition, a large number of loading cycles are im- 
posed on a unit distance of the fracture surface, which is 
likely to accelerate the formation of oxide. For example, at 
the threshold it takes about 10 7 cycles to travel a distance of 
1 mm. Consequently, decreasing AK in threshold crack 
growth enchances fretting oxidation and increases the 
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Crack Propagation Direction 

q3 (g) 

Fig. 5 - - ( d - g )  SEM photos of  fracture morphology. (d) Annealed copper, R = 0.1 and AK = 7.0 MPa X/--mm, magnification 340 times. (e) Annealed copper, 
R = 0.1 at the threshold (AK = 6.35 MPa Vmm), magnification 1460 times. 0") Annealed copper, R = 0.3 and AK = 6.16 MPa X/--mm, magnification 150 
times. (g) Annealed copper, R = 0.7 at the threshold (AK = 2.95 MPa X/-mm), magnification 260 times. 

thickness of the oxide. However, at higher R values, crack 
closure becomes more difficult and fretting oxidation 
lessens. Thus, increasing the R ratio reduces the oxide 
layer thickness. 

X-ray diffraction study shows that the oxide in the present 
investigation consists of Cu20 and CuO. CuO is the stable 
oxide at elevated temperature. 29 It was previously noted that 
the temperature rose at the fatigue crack tip. 3~ Thus, it is 
suggested that during near-threshold fatigue crack propaga- 
tion in copper, the possibly large increase of temperature 
due to fretting of upper and lower fracture surfaces may also 
promote the formation of oxide. 3~ 

B. Crack Closure 

Ritchie e t  a118'19'23 reported that the oxide present on the 

fracture surface enchanced crack closure in steels. They 
successfully used the concept of oxide-induced crack clo- 
sure to explain the influence of gaseous environment on 
slow crack growth behavior in a 2.25 Cr-1 Mo steel. In air, 
a thick oxide layer exists at the threshold, which wedges the 
upper and lower fracture surfaces and increases the crack 
closure level and thus, decreases the effective stress in- 
tensity range (AKef f  = /('max - -  Kc~ . . . .  ). Accordingly, in the 
2.25 Cr-1 Mo steel, the threshold crack growth rates in 
air are slower than those in the oxygen-free environment 
(helium or hydrogen). 

In the present investigation on copper, the effect of oxide 
on crack closure at the threshold can be appreciated by 
comparing the cyclic crack opening displacement (COD) 
with the thickness of the oxide (do). In Table IV, the oxide 
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Fig. 5 - - ( h - j )  SEM photos of fracture morphology. (h~ Quarter-hard copper, R = 0.3 at the threshold (AK = 4.85 MPa ~mm), magnification 740 times. 
(i) Full-hard copper, R = 0.1 and AK = 7,15 MPa V m ,  magnification 260 times. (7) Full-hard copper, R = 0.1 at the threshold (AK = 2.55 MPa Vmm), 
magnification 260 times. 

layer thickness at R = 0.1, 0.5, and 0.7 is 32 pct, 27 pct, 
and 4 pct of the value of COD, respectively. As compared 
to the crack opening displacement, the large amount of 
oxide at lower R values of 0.1 and 0.5 will wedge the crack 
tip to promote crack closure, as found in steels. 23 At the 
higher R ratio of 0.7, the influence of oxide on crack closure 
may be negligible due to the much thinner oxide relative 
to COD. Therefore, during near-threshold fatigue crack 
propagation, decreasing the R value increases the effect 
of oxide deposits on crack closure in copper. In Table IV, 
at R = 0.5, the oxide thickness and the ratio of d0/COD 
at AK = 7.7 MPa V~m are much smaller than those at 
the threshold. Consequently, reducing values of AK en- 
hances the influence of the oxide film on crack closure in 
slow crack growth. 

In view of the potential importance of crack closure in 
slow crack growth behavior, crack closure was further stud- 
ied by using the strain-gage method. 3z The details of the 
strain-gage technique to measure the crack closure stress 
were reported earlier by Gan and Weertman. 32 Several 
strain-gages (Micro-Measurements EA-13-062AK-120), 
1.57 mm wide and 1.57 mm long, were cemented on the 
specimen surface. While the strain-gages are approximately 
5 mm apart from one another, the distance from the center 
of the gage to the crack plane is about 1 mm. During cyclic 
loading, the photos of the load v s  strain curves were periodi- 
cally taken on a Tektronix single beam storage oscilloscope. 
The crack closure level is determined from the change in the 
slope of the load v s  strain curve. In Figure 7, the examples 
of the load v s  strain curves are shown for crack closure 
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points in annealed copper at R = 0.3. Interestingly, at a 
fixed value of AK, varying frequency from 1 to 100 Hz 
does not change the crack closure level. Above the crack 
closure level, the slope of the load vs strain curve has 
been shown to be in good agreement with the plane stress 
Westergaard's elastic potential solution. 32 Thus, it should 
be noted that the strain-gage glued on the specimen sur- 
face may measure the plane stress crack closure level in 
this study. 

Figure 8(a) shows the relationship between AK~f/AK vs 
AK at R = 0.1 in annealed, quarter-hard, and full-hard 

Table IV. Data of Auger Analysis and Crack Opening 
Displacement Associated with Near-Threshold Fatigue 

Crack Propagation in Quarter-Hard Copper 

Cyclic Crack 
Oxide Layer Opening Dis- do 

AK Thickness, do placement* COD 
R (MPa ~/--mm) .~ COD,/k (Pct) 

0.1 5.7 (Threshold) 1408 4454 32 
0.5 4.1 (Threshold) 624 2304 27 
0.7 3.3 (Threshold) 64 1493 4 
0.5 7.7 64 8128 0.8 
*Cyclic crack opening displacement TM = 0.49 AK2/(2 cr; E) where tr; 

is the 0.2 pct offset cyclic yield strength. 

copper. As the value of AK decreases, the ratio of AK~ff/AK 
decreases in the three materials. The same result was found 
in Ni-Cr-Mo-V steel.~4 This is in good agreement with the 
theory of Purushothaman and Tien. 26 Figure 8(a) suggests 
that decreasing crack growth rates increases the influence 
of crack closure on threshold behavior, as reported ear- 
lier.~4'25"26 In Figure 8(a), at the threshold, the value of AK~rf 
occupies approximately 50 pct, 54 pct, and 86 pct of AK 
in annealed, quarter-hard, and full-hard specimens, re- 
spectively. Thus, during each loading cycle, a significant 
portion of AK was spent in crack closure at the threshold 
levels, and crack closure needs to be considered in studying 
threshold crack growth behavior. 

(a) (b) 

Load 

Strain 
Fig. 7 - -Photos  of load v s  strain curves in annealed copper at R = 0.3. Note that the photos were taken when the strain-gage was located behind the crack 
tip. (a) AK ~ 7.0 MPa ~r (b) AK = 6.0 MPa ~mm. 
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threshold crack propagat ion.  (b)  The  relat ionship be tween  Kr ..... and AK 
during near- threshold crack propagat ion.  

At a given value of AK, the annealed specimen has the 
highest crack closure level, Kdo .. . .  among the three materi- 
als while the full-hard specimen has the lowest closure level 
(Figure 8(b)). In full-hard copper, the lower plasticity, and 
the thinner oxide layer in near-threshold crack growth re- 
duce the crack closure level, as compared to annealed and 
quarter-hard copper. Therefore, increasing material strength 
reduces the crack closure level during threshold fatigue 
crack growth in copper. Furthermore, large cyclic hardening 
in the annealed specimen may also increase the crack clo- 
sure level, relative to cyclic softening in quarter-hard and 
full-hard specimens, which is theoretically supported by 
Budiansky and Hutchison. 33 In annealed and quarter-hard 
copper, decreasing values of AK increases crack closure 
levels (Figure 8(b)), which is related to the larger oxide 
thickness at lower AK. Independently, Minakawa and 
McEvily 34 found the same trend in steels and aluminum 
alloys. However, in their study, the increase of K~t . . . .  at 
lower AK levels was attributed to the existence of a ser- 
rated crack path near the threshold. The mismatch and the 
mode II displacement of the upper and lower fracture 
surfaces will promote crack closure at lower AK values, 
namely, roughness-induced crack c l o s u r e .  23,26,28,34-39 

Roughness-induced crack closure may also play a role in 
this study. 

In Figure 9(a), as the R ratio increases, the value of AKa, 
decreases for the three materials. There seems to be a linear 
relationship between AK~ and R in annealed and quarter- 
hard copper, as also reported in steels. 4~ As stated earlier, at 
lower R values, the annealed specimen of lowest strength 
has the largest value of AK~ among the three materials, 
while the full-hard specimen of highest strength has the 
smallest AK~. At higher R ratios, values of AK~ in the three 
materials appear to come together. Previously, Musuva and 
Radon 4~ and Usami 4~ reported the same trend in steels. If 
the effective threshold stress intensity range, AKth.~ff, is 
plotted against R, it is very interesting to note that the 
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Fig. 9 - - ( a )  Effects o f  R ratios and crack closure on threshold stress 
intensity range. (b) The effect o f  crack closure on near-threshold crack 
growth rates. 
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values of Agth,eff are insensitive to load ratio and material 
strength in annealed, quarter-hard, and full-hard specimens 
(Figure 9(a)). Consistently, the threshold crack propagation 
rate data at various R ratios for annealed or quarter-hard 
copper are converged to a narrow band by means of AKeff 
(Figure 9(b)). Also, at a low value of R the large difference 
in near-threshold fatigue crack growth rates among the 
three materials is reduced to a minimum by using AKeff in 
Figure 9(b). The same phenomenon was found in an alumi- 
num alloy 42 and steels. 14,34,43 ThUS, crack closure appears 
to account for the effects of load ratio and strength level 
on near-threshold fatigue crack propagation behavior in 
ETP copper. 

VI. CONCLUSIONS 

1. In annealed, quarter-hard, and full-hard ETP copper, in- 
creasing the R ratio increases the rates of near-threshold 
crack growth. As the crack propagation rate reaches the 
threshold, the sensitivity to R ratio effects increases. 

2. The annealed specimen (lowest monotonic yield strength) 
has the slowest near-threshold crack growth rate among 
the three materials studied while the full-hard material 
(highest strength) has the fastest crack propagation rate. 
This observation implies that the near-threshold crack 
growth resistance increases with a decrease in material 
strength for ETP copper. 

3. Three specimen geometries - -  WOL, CT, and C C T - -  
show comparable near-threshold crack growth rate data 
in quarter-hard copper. Sinusoidal and triangular wave- 
forms do not affect threshold crack propagation rates. 

4. During near-threshold crack growth, the fracture mor- 
phology for all copper materials evaluated is a mixture 
of intergranular and transgranular fracture. As the value 
of AK decreases, the percentage of transgranular fail- 
ure increases. 

5. In quarter-hard copper, the thickness of the oxide film 
developed in the region of the fracture surface corre- 
sponding to the threshold was found to increase with a 
decrease in the R ratio. 

6. During threshold crack propagation at R = 0.1, de- 
creasing values of AK increases the crack closure level in 
annealed and quarter-hard copper, which is related to the 
thicker oxide at lower AK. 

7. In annealed and quarter-hard copper, the effects of R 
values on near-threshold crack propagation behavior can 
be rationalized by crack closure. Also, at a fixed R ratio 
crack closure appears to account for the difference in 
slow crack growth rates for all three copper materials 
with various yield strengths. 
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