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Crack opening levels from these two full-field methods are compared to results from a
third (microscale) method that directly measures opening of the crack flanks immediately
behind the crack tip using two-point DIC displacement gages. Of the two full-field meth-
ods, the first one measures effective stress intensity factors through the displacement field
(over a wide region behind and ahead of the crack tip). This method reveals crack opening
levels comparable to the limiting values (crack opening levels far from the crack tip) from
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Fatigue the third method (microscale). The second full-field method involves a compliance offset
Crack growth measurement based on displacements obtained near the crack tip. This method delivers
Titanium results comparable to crack tip opening levels from the microscale two-point method.

The results of these experiments point to a normalized crack tip opening level of 0.35
for R ~ 0 loading in grade 2 titanium. This opening level was found at low and intermediate
AK levels. It is shown that the second full-field macroscale method indicates crack opening
levels comparable to surface crack tip opening levels (corresponding to unzipping of the
entire crack). This indicates that effective stress intensity factors determined from full-field
displacements could be used to predict crack opening levels.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

It is widely accepted that precise knowledge concerning failure mechanisms allows designers to use increasingly aggres-
sive structural designs. The safe life design paradigm is no longer acceptable for many applications since it leads to conser-
vative designs that are too heavy, exhibit poor performance, and/or require excessive maintenance. Modern aviation
requirements have necessitated a damage tolerant design approach wherein a structure is designed to withstand a certain
amount of damage without failure. Such an approach strongly depends on accurate predictions of fatigue crack growth rates.
In the 1960s, Paris and Erdogan [1] and McEvily and Boettner [2] related the fatigue crack growth rate, da/dN to the stress
intensity factor range, AK, through the Paris relationship:

da m
= K™, (1)
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where C and m are empirical material and loading dependent constants. The advent of the servo-hydraulic load frame al-
lowed McEvily and Boettner [2] to conduct a large number of experiments necessary for validating the Paris relationship
(1). The load ratio, R (minimum load divided by maximum load), was also found to have a major effect on crack growth rates.

In the early 1970s, Elber [3,4], discovered the crack closure phenomenon and modified the Paris relationship to use only
the portion of the stress intensity range above the crack opening level, (AKey= Kinax—Kopen), as follows:

g—;\l] = C(AKep)™. (2)
Using AKe largely eliminated the direct dependence of crack growth rate on the load ratio such that one parameter, AKep,
could be used instead of two (K and R), thereby demonstrating that plasticity-induced crack closure was the mechanism
responsible for the effect of load ratio on crack growth rates. Crack closure acts as a shielding mechanism that reduces
the effective stress intensity factor range at the crack tip, thereby decreasing crack growth rates.

Elber [3,4] showed that crack opening would be accompanied by a change in specimen compliance (due to a configuration
change when the crack opens). He found the load level corresponding to this compliance change by using a displacement
gage 2 mm behind the crack tip to measure the relative displacement of the crack flanks. Since Elber’s discovery, several
other techniques have been developed for measuring crack closure. Some researchers use visual observations and/or replica
techniques to determine closure levels [5,6]. Other methods for measuring crack closure such as the electrical potential drop
method, ultrasonic/acoustic methods, and the eddy current method have been used with limited success. Schijve [7] pro-
vides a brief comparison of these and other methods.

Despite these newer techniques, using displacement gages to detect a compliance change remains the most popular
method for finding crack closure levels. Back face strain gages, crack mouth gages, or clip gages anywhere on the specimen
can be used [8]. Following the pioneering work of Elber [3,4], displacement gages are typically placed across the crack
faces within a few millimeters of the crack tip. These displacement gages need not physically contact the crack faces.
Often, non-contact displacement gages make it relatively easy to place many gages along the crack line so that the
variation in local crack opening levels with distance from the crack tip can be observed. Macha et al. [9] used laser
interferometric displacement gages, which track indentation marks near the crack flanks, to measure local crack opening
displacement along the crack length. In a similar manner, Digital Image Correlation (DIC) displacement gages were intro-
duced by Riddell et al. [10] and Sutton et al. [11] (for details on the technique of digital image correlation, the reader is
referred to references [12,13]). These displacement gages use DIC to track two subsets, one on each crack flank, to measure
the crack opening displacement. As the crack opens, the subsets move apart from each other and the crack opening
displacement at the gage location is measured as the relative motion between the two subsets. Similar DIC displacement
gages are used in this work. Using displacement gages on the crack flanks allows both local and crack tip opening levels to
be determined.

Although crack opening occurs gradually from the crack mouth to the crack tip, a single opening level must be defined to
obtain a single value for AK5. The crack tip opening level is typically used since it is thought that crack growth cannot occur
until the crack is fully open. However, it is difficult to precisely identify the crack tip opening level due to scatter in exper-
imental measurements and the fact that crack opening is a continuous process. This difficulty has spurred several analysis
techniques of the load versus displacement curve to obtain AK.y[14-16]. Donald and Paris [14] give a review of seven of
these analysis methods including the partial closure model of Paris et al. [15]. Predictions of crack growth rates based on
each of these models are compared by Donald and Paris [14]. The partial closure model of Paris et al. [15] appears to give
slightly better results than other models under the circumstances considered by Donald and Paris, but with the amount
of scatter in the measurements, a clearly superior model has yet to emerge.

Adding to the ambiguity is the fact that crack closure is three-dimensional in nature because of constraint condition vari-
ations [17] (i.e., plane stress on the surface versus plane strain in the specimen’s interior). Budiansky and Hutchinson pro-
vided one of the first analytical studies of crack closure [18], and countless numerical models of the crack closure process
have followed [17,19-21]. Numerical models have also been influential in the debate over the existence of plasticity-induced
crack closure under plane strain conditions [20,21]. The three-dimensional aspect of crack closure was also studied by Rid-
dell et al. [10]. By comparing a finite element analysis of crack closure to rate-calculated opening loads, the researchers
showed that, for their specimens, crack tip closure levels on the interior of the specimen (which are lower than those on
the surface of the specimen due to constraint effects) dominated the crack closure effect on fatigue crack growth. They ar-
gued that surface crack closure measurements at the crack tip overestimate the crack closure effect.

Further complicating the study of crack closure is the existence of multiple closure mechanisms. These mechanisms in-
clude plasticity-, roughness-, phase transformation-, viscous fluid-, and oxidation-induced crack closure [22]. Measured
crack closure levels are generally due to a combination of mechanisms (most commonly plasticity- and roughness-induced
crack closure). Since the effects of different closure mechanisms could not be delineated in this work, the cited closure levels
are possibly a combination of plasticity-induced, roughness-induced, and oxidation-induced crack closure. However, plastic-
ity is likely the primary closure mechanism in these experiments since, as will be seen later, very little shear motion of the
crack faces is observed here.

In summary, it is clear that crack closure is an extremely important effect that needs to be accounted for to predict crack
growth rates accurately, but it is highly complicated in nature and dependent on the scale of observation - as the crack tip is
approached, different amounts of local closure are observed. The objective of this work is to combine some of the techniques
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that have individually been used in the past in a multiscale framework that will allow experimentally linking measures of
crack closure at locations close to and far from the crack tip. Specifically, full-field displacement measurements at the mac-
roscale (order of mm) can be used to calculate the effective stress intensity factor range and, in turn, calculate closure levels.
At the microscale, (order of pm) non-contact displacement gages can be used to quantify crack tip closure. The DIC tech-
nique, which does not possess an inherent length scale, is highly suitable for such multiscale experimentation and will facil-
itate direct linking between the scales. Section 2 of this paper describes the experimental approach used. The subsequent
section provides results of the microscale experiments followed by the macroscale results and finally a link between the
two scales.

2. Experimental procedure

Edge-notched tension specimens were cut from a plate of grade 2 (commercially pure) titanium with electrical discharge
machining (EDM); a 0.30 mm EDM wire was used to machine the notch (see Fig. 1a for specimen geometry). From both ultra-
sonic testing and simple tension tests, the modulus of elasticity and Poisson’s ratio were found to be 109 GPa and 0.33,
respectively. The yield stress of 400 MPa was also determined from simple tension tests. Microscopy on etched specimens
indicated a grain size of roughly 10 pm. By testing specimens of different orientations, the properties of elastic modulus and
Poisson'’s ratio were found to be isotropic. Each specimen was rough polished using abrasive paper up to 800 grit. The natural
texture of the specimen surface after rough polishing provided a suitable speckle pattern for using DIC; therefore, the spec-
imens were not painted. See Fig. 1b for a comparison of the resulting speckle patterns at each magnification. Although the
speckle pattern appears more suitable for DIC at some magnifications than others, correlation accuracy was found to be
acceptable at all magnifications.

Specimens were fatigued at rates between 2 and 8 Hz to initiate and grow a crack from the EDM notch tip at constant load
amplitude and a load ratio of roughly zero. Consequently, the stress intensity factor slowly increased throughout the crack
growth process. The servo-hydraulic load frame was controlled by a computer program that allowed images to be associated
with their corresponding load levels (measured using a 100 kN load cell). After a period of crack growth, (see Table 1 for the
number of crack growth cycles for each experiment) the fatigue loading was stopped and several “measurement” cycles were
applied to the specimen at a much slower rate of 240 s per cycle. This slower rate allowed 120 images to be captured
throughout the loading cycle so that a typical fatigue cycle could be studied in detail. Except for frequency, measurement
cycles were equivalent to the last high frequency cycle. In this work, crack growth rates were on the order of 10~> mm)/cycle.
If the threshold crack growth rate corresponds to approximately one Burger’s vector per cycle (2 x 10~7 mmy/cycle), then
these experiments are two orders of magnitude above the threshold crack growth rate.
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Fig. 1. (a) Specimen geometry and dimensions. (b) Field of view and resolution at each magnification level. The crack tip is shown as a white dot in the
center set of images. Images are shown at the same size at the right to allow comparisons of speckle patterns. DIC subset sizes are shown by a square in the
top right corner of each image. (c) Typical loading history. Data gathered from each magnification level was from a different cycle.
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Table 1
Details of each experiment. Load ratio R is Puin/Pmax-

Experiment  Kp. (MPay/m) R Width (mm) Thickness (mm) Notch length, c (mm) Crack length, [ (mm) I/c Crack growth cycles

Low K 9.7 0.05 6.33 3.11 0.980 0.680 0.69 24,894
Medium K 15.4 0.05 6.34 3.10 0.969 0.906 093 15,752
High K 18.9 0 6.30 3.12 1.374 0.351 026 2,753

Displacement Gages Subsets Crack Tip

100 im

Fig. 2. Illustration of seven DIC displacement gages across open crack faces imaged at 14 x. Each gage consists of two subsets—one on each of the crack
flanks.

A digital camera with a resolution of 1600 by 1200 pixels was used to capture images throughout measurement cycles.
Optical magnifications from 1.1x to 28x (3.8 to 0.17 um/pixel, respectively) were achieved with an adjustable lens with a
12 x magnification range and a 2 x adapter tube. Each measurement cycle was viewed with a different magnification as illus-
trated in Fig. 1c. In all, three magnifications were used in measurement cycles: two “macroscopic” magnifications of 1.1x
and 4.3x (3.8 and 1.1 um/pixel, respectively) and one microscopic magnification of 14x (0.33 um/pixel) as illustrated in
Fig. 1b. Using multiple cameras would allow images to be captured at multiple magnifications simultaneously within a single
cycle [23]. However, for simplicity, one camera was used with a different measurement cycle for each magnification (see
Fig. 1c). The scales cited in Fig. 1b are approximate since many cycles were run at each magnification. The exact scale used
in calculations was determined for each measurement cycle individually. Fig. 1b also compares the speckle pattern at each
magnification.

DIC was performed on images from each of the measurement cycles using a commercially available image correlation
program. The first image in the measurement cycle (at minimum load) was used as the reference image, and terms up to
first order displacement gradients were used in all correlations. For loading cycles observed at the microscopic magnification
(14x), DIC displacement gages spanning the crack faces [10,11] were used. Several gages were placed along the crack length
as shown in Fig. 2, which illustrates a 14x image of a fully open crack at peak load. Subset sizes of 81 by 81 pixels were used
corresponding to a gage width of 27 pm. A typical gage length was 40 um, and gages used in this work were placed from
10 um ahead of the crack tip to 700 pm behind the crack tip. For both of the macroscopic loading cycles (1.1x and 4.3x),
DIC was used to obtain full-field displacements for each image throughout the cycle. Correlations were performed using a
subset size of 41 by 41 pixels and a spacing of 15 pixels between subset centers.

Each measurement cycle was observed at a different magnification (i.e. the 1.1x images were captured over a different
cycle than the 4.3 x or the 14x images). All measurement cycles were within eight cycles of each other (some cycles are not
discussed in this paper). From our measurements of crack growth rates, the amount of crack growth throughout eight cycles
was less than one pixel at 14x magnification and no crack growth was observed during this small number of cycles. There-
fore, the data from each measurement cycle are considered to be from equivalent cycles and are assumed representative of
previous fatigue cycles. After the measurement cycles, the specimen was loaded to peak load and photographed at a very
high magnification of 28 x (0.17 pwm/pixel). DIC was not performed on these images, rather the peak load images were simply
observed to identify the crack tip location accurately. Identifying the crack tip on a speckled surface can be difficult, and
without an accurate estimate of the crack tip location, the error in these analyses becomes unacceptably large.

To investigate the effects of peak stress intensity factor on crack closure, three experiments were performed, each with a
separate specimen, using the aforementioned procedure. The maximum stress intensity factors during measurement cycles
for these experiments were 9.7, 15.4, and 18.9 MPa,/m. In each case, precracking was performed under load control at the
same load level as the fatigue cycles imaged using DIC. These three experiments will be referred to as the “low K”, “medium
K”, and “high K” experiments, respectively. Details of each experiment such as specimen geometry, loading specifications,
and the number of cycles of fatigue crack growth can be found in Table 1.
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3. Results and discussion
3.1. Microscale measurements (14x)

At the microscopic magnification, DIC displacement gages were used to measure crack opening displacements along the
crack length. Gage displacement is defined here as the relative vertical displacement of the gage’s two subsets ignoring in-
plane shearing displacements. Shearing displacements were found to be extremely small (Iess than one pixel), were about
two orders of magnitude less than opening displacements, and were in fact near the lower resolution limit of DIC. A load
versus displacement plot, such as the one shown in Fig. 3, was created for each DIC displacement gage. Each data point
in Fig. 3 represents gage displacement at a specified load level (one image per point) with the loading portion of the cycle
represented by circles and the unloading portion by triangles.

Elber noted that a change in slope of the load versus displacement curve is a change in specimen compliance. He also
showed that this compliance change must be due to crack opening and not other factors such as plasticity. When the spec-
imen is first loaded, the gage displacement remains nearly zero indicating the crack is closed at this gage location. Any gage
displacement in this low-load region is due to material strain between the gage points, not crack opening. As the crack opens
at the gage location, the gage displacement begins to increase at a significant rate (this is the load denoted by the “local
opening” arrow in Fig. 3). As the crack opens ahead of the gage, a gradual compliance change occurs until the crack is fully
open up to the crack tip (see “crack tip opening” in Fig. 3). Because the crack is fully open, loading the specimen further re-
sults in a linear relationship between load and gage displacement (no further compliance change), at least before large scale
plasticity effects begin.

The local crack opening level is identified by the load at which the gage displacement begins to increase significantly. This
load level is computed by fitting a straight line to the upper linear portion of the loading curve in Fig. 3 and visually deter-
mining where the gage displacement first deviates from this line. The crack tip opening level can also be identified from the
load versus displacement curve, but is more difficult to do so since it usually induces a more gradual compliance change. The
ASTM compliance offset method (described in detail later in this section) is used to identify the end of this gradual compli-
ance change. The local closing load can be determined similarly to the local opening load; however, the crack tip closure load
cannot be determined from this method since reverse plasticity affects the apparent compliance change upon unloading.

Load versus displacement curves for several gages along the crack length illustrate how local crack opening loads vary
with position. Fig. 4a-c shows load versus gage displacement curves for three different gages (in the low K experiment).
These three gages are located (a) 665 pm (b) 236 pm and (c) 64 pm behind the crack tip. Note that the stiffness increases
and the local crack opening and closure levels increase as the crack tip is approached. This behavior is expected since cracks
generally open first at the mouth and last at the crack tip.

Since several subsets were placed along the crack flanks, a visualization of the crack profile can be created by measuring
the vertical displacement of each individual subset (not the gage displacement). Vertical subset displacements are plotted in
Fig. 5 (with rigid translation subtracted) to create crack profile plots at four different load levels within a typical fatigue cycle.
This particular cycle is for the low K experiment, and the load level is shown as a percentage of peak load. Fig. 5 indicates that
the majority of the crack (beyond 150 wm behind the crack tip) appears open by 18% of the peak load, and the entire crack is
fully open, to the extent imaged at the magnification used here, by 31% of the peak load. The single gage on the right is about
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Fig. 3. Load versus displacement curve for a typical DIC displacement gage (Low K). Local opening levels are defined by the sharp knee in the curve while
the compliance offset method is required to detect the more gradual compliance change caused by crack tip opening. Local closure values are found from
the sharp knee of the unloading portion of the curve.
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Fig. 4. Load versus displacement curves for: (a) 665 pm, (b) 236 pm, and (c) 64 pum behind the crack tip. (Data from low K experiment).
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Fig. 5. Crack profiles constructed from vertical subset displacement measurements at 14 x for several load levels of the low K experiment. The crack tip is
located at 0 pm. Note that the single gage ahead of the crack tip never appears open.

10 um ahead of the crack tip and, as expected, never appears open. These profile plots give a visual representation of the
crack opening process, but it is important to note that the visual and mechanical crack tip opening do not necessarily coin-
cide. It is the mechanical opening, as measured in Fig. 3, when the crack faces become truly traction free, that determines
Aoy

While local crack opening measurements do provide insight as to the mechanics of crack opening and closure, an unam-
biguous measure of the crack opening level at the tip is ultimately necessary for the modified Paris relationship (2). However,
detecting the compliance change related to the crack tip opening level is more difficult than detecting the local opening level
since the compliance change associated with crack tip opening is less abrupt (refer to Fig. 3). To detect this more gradual
compliance change, the compliance offset method outlined in appendix X2 of ASTM standard E647 [24] was followed. For
a detailed description of the procedure, the reader is referred to the ASTM standard; the method is briefly outlined below
to provide specifics. A line is fit to the top linear portion of the unloading curve (the top 25% of the curve was used here)
using least squares regression, and the inverse of this slope is defined as the compliance of the specimen with the fully open
crack. The unloading slope is used in order to avoid any plasticity effects associated with loading. In a similar manner, lines
are fit to fractions of the loading portion of the curve (in this case, a fit was made to 10% of the load range at intervals of 5% so
that each line fit overlapped by 5% of the load range). The compliance at each of these load levels is found and compared to
the unloading compliance. The load at which the compliance difference exceeds 4% is defined as the crack tip opening level.

Values of local and crack tip opening loads are plotted against gage position in Fig. 6. The horizontal axis represents the
distance behind the crack tip while the vertical axis represents the opening or closure load (P) normalized by the peak load
(Pmax) expressed as a percentage. These values were calculated from the results of DIC displacement gages in the low K exper-
iment using the techniques outlined above. Local crack opening levels are shown as squares while crack tip opening levels
calculated from the ASTM compliance offset method are shown as crosses in Fig. 6. Crack tip opening levels are expected to
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0 pm denotes the crack tip location. Symbols indicate displacement gage measurements while lines indicate measurements from the full-field effective K
method. The horizontal axis represents gage distance behind the crack tip. The vertical axis represents the percentage of the opening (or closure) load, P,
divided by the peak load, Ppqx.

be independent of gage location [3,4], but a slight increasing trend is observed as the crack tip is approached (in both local
and crack tip opening loads). However, the amount of difference between load levels is roughly equal to the noise in exper-
imental measurements. In both methods, the opening levels for gages closest to the crack tip (within 150 pm) are slightly
higher than those further behind the tip. However, it is suspected that these measurements are less reliable because this
close to the crack tip, plasticity effects may exist even at low loads. Also, the higher opening levels near the crack tip could
be due to three-dimensional aspects of crack closure. For conciseness, comparisons of local and crack tip opening levels for
the medium and high K experiments have been omitted, but they exhibit behavior similar to Fig. 6.

Local crack opening and closure values determined from DIC displacement gages for all three load levels are presented in
Fig. 7. The low, medium, and high K experiments are shown as squares, triangles, and diamonds, respectively. Filled symbols
represent opening levels and empty symbols represent closure levels so that each pair of filled and empty symbols repre-
sents one displacement gage. Note that the data from the low K experiment cover a larger distance behind the crack tip be-
cause two measurement cycles were performed at a magnification of 14x for the low K experiment: one with the imaged
area near the crack tip, and a second with the imaged area behind the crack tip by several hundred micrometers.

In agreement with Macha et al. [9] and Riddell et al. [10], the local crack opening (and closure) levels for the low K exper-
iment exhibit two regions. The first region is far behind the crack tip (between 350 and 700 pm behind the tip) where closure
levels remain constant. This implies that a large portion of the crack opens at roughly 16% of the peak load. This value agrees
with estimates from the crack profile plot of Fig. 5 where the majority of the crack appeared open by 18% of the peak load.
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The second region of crack opening is near the crack tip (within 350 pm) where closure levels increase as the crack tip is
approached. If local crack opening levels are extrapolated to the crack tip location, they can provide an estimate of the crack
tip opening level. Extrapolating local low K opening values provides a crack tip opening estimate of 35% of the peak load. This
value is in agreement with crack profile observations in Fig. 5 (31%) and with the crack tip opening level calculated from the
ASTM compliance offset method (Fig. 6) within experimental error.

By extrapolating local crack opening measurements to the crack tip for all three experiments, opening levels at the crack
tip are 35%, 34%, and 21% for the low, medium, and high K experiments, respectively. Although there is some uncertainty in
these estimates, these values are reasonable estimates of the crack tip opening level on the specimen surface. Limited crack
closure data on grade 2 titanium exists with which to compare. However, Takao et al. [26] used the electrical potential drop
method and replica techniques on grade 2 titanium to obtain crack closure levels between 27% and 42% (R = 0). Measure-
ments from gages closest to the crack tip for the low and medium K experiments are within this range. Measurements from
the high K experiment are lower due to the short crack effect explained below.

In Fig. 7, it is clear that displacement gage measurements from the low and medium K experiments are close to one an-
other. Therefore, no conclusions can be drawn concerning the effect of K4 on crack opening/closure levels as described in
the literature [25]. By observing Fig. 7, it is evident that the opening/closure levels for the high K experiment are below the
low and medium K experiment values. This is because the high K experiment has a lower crack-to-notch ratio, I/c (see Table
1). Since the notch surfaces never come into contact, only the fatigue crack contributes to the crack closure phenomenon.
With a shorter fatigue crack in the high K experiment, there is less residually stressed material that contributes to crack clo-
sure; hence, the high K specimen exhibits lower closure levels. The effect of crack length on crack closure levels was previ-
ously observed by Sehitoglu [6].

3.2. Macroscale measurements (1.1x and 4.3x)

In the macroscale experiments, full-field displacements were obtained from DIC. Contour plots of z-displacements (per-
pendicular to the crack line) were created for each image. As an example, Fig. 8 shows peak load +~displacements in the high
K experiment. The origin is placed at the crack tip, and a positive displacement contour means material moved upwards (ri-
gid motion has been subtracted from these plots using the KT regression discussed later). Fig. 8a shows the z-displacement
field measured at a magnification of 1.1x while Fig. 8b shows results from the 4.3 x field of view, measured independently
during two consecutive cycles. The black rectangle in Fig. 8a represents the area shown in Fig. 8b.

Asymptotic theoretical solutions exist for full-field displacements near a crack tip. The stress intensity factor for a single
edge-notched tension specimen can be theoretically calculated from continuum mechanics assuming two-dimensional lin-
ear elasticity given the load and specimen geometry by

K =Foy/na, 3)
where ¢ is the nominal stress and a is the crack length. F is given by

0.857 4-0.265u

F=0.265(1—-o)*+
( ) R

(4)

with o being the ratio of crack length to the specimen width [27]. This calculation will be referred to as the “load-based stress
intensity factor.” Peak stress intensity factors of 9.7, 15.4, and 18.9 MPa,/m that were cited earlier to classify the low, med-
ium, and high K experiments were calculated through (3) and (4).

To determine what stress intensity factor the specimen actually experiences, which could be different than the theoretical
load-based stress intensity factor primarily due to crack closure, a least squares regression was performed on the DIC
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Fig. 8. DIC measured z-displacement field near the crack tip for macroscale images (high K experiment). Rigid motion has been subtracted from these plots
for clarity. The black rectangle in: (a), the 1.1x experiment, represents the area shown in (b), measured independently in the 4.3 x experiment.
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measured s-displacements () (Fig. 8). Initially, three parameters were used in the regression: stress intensity factor (K), rigid
rotation (A), and rigid translation (B) as given by

K; ro. 0N [1 0

v_ﬁ 5 Sin <§) i(K—s—l)—cos (i)] + Arcos(0) + B, (5)
where 1 is the distance from the crack tip, 6 is the angle from the crack line ahead of the tip, i is the shear modulus, and x is
given by:

K73—v
T 14w

(6)

for plane stress (where v is Poisson’s ratio). This regression is referred to as the K-only regression as it accounts for the con-
tribution to displacement of only the most singular term in the asymptotic expansion for stresses [28].

To determine how well the regression function matches experimental data, Fig. 9a compares DIC measured z-displace-
ments (solid contours) with those calculated from the K-only regression (dotted contours) with the origin placed at the crack
tip. For reference, since (5) represents an elastic result, the plane stress Von-Mises plastic zone estimate calculated using the
regression K value is shown as a single thick solid contour. As seen in Fig. 93, the agreement between experimental and
regression contours is poor at large distances from the crack tip because the K-only model is an asymptotic solution to
the elastic crack problem. As the distance from the crack tip decreases, agreement between experiments and K-only regres-
sion (5) improves.

The second term in the Williams expansion for stresses [28] is the T-stress term. As the distance from the crack tip in-
creases, higher order terms (mainly T-stress) have increasing influence over displacements. To account for the T-stress
and its effects at larger distances, a second regression was performed. This regression, called the KT regression, includes a
parameter for T-stress (T) in addition to the other three parameters used in (5). The KT regression uses ¢-displacements given

1 1 0 1 1 Trsi A B 7
i(K +1)—cos (i)] (ﬁ) 1sin(0) + Arcos(0) + B. (7)

by:
1/7& Lsin g -
S uV2m 2 21

Note that in (7) both the K and the rigid rotation terms apply for the assumption of small displacement gradients. For
finite rotations a term involving Arsin(0), which for regression purposes is the same as the T-stress term in (7), should also
be included [29]. In that case the contribution of rigid rotation would be combined with the value of T-stress obtained from
the regression, and a second procedure would have to be followed to separate the two [29]. However, by the authors’ anal-
ysis, the rigid rotation has been found to significantly contribute to the T-stress term only if the rigid rotation (coefficient A in
(7)) exceeds 0.5°. In the present effort, the calculated rotation never exceeds 10~%°. Therefore in all cases discussed subse-
quently, the values of K, T, A, and B used are those fitted directly to the displacement field of (7).

For the low K experiment, the value of T calculated from the 1.1 x KT regression varies linearly with load and has a peak
value of —94 MPa. The ratio of T to far-field stress remains relatively constant around —0.98 + 0.17 and is larger than the ana-
lytically calculated value of —0.7 found in the literature [30]. For the medium and high K experiments, the T-stress results are
similar but show more scatter.

Contours of v-displacement for the KT regression are plotted in Fig. 9b. A comparison with Fig. 9a reveals the effects of
including the T-stress parameter: experimental and regression contours match up better over the entire region surrounding
the crack tip. Fig. 10a and b shows the same contour comparisons but using the 4.3 x experimental results. At this higher
magnification closer to the crack tip, displacements are dominated by the K term and the inclusion of the T-stress has little
impact on the shape of the regression contours. The K-only regression agrees well with experimental contours and the values
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Fig. 9. Comparison of experimentally measured and regression z-displacement contours for: (a) K-only regression and (b) KT regression. The thick solid
gray contour represents the approximate Von-Mises plastic zone size. Magnification is 1.1x and contours are spaced by 1.5 pm.
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Fig. 10. Comparison of experimentally measured and regression ¢-displacement contours for: (a) K-only regression and (b) KT regression. The thick solid
shape represents the approximate Von-Mises plastic zone size. Magnification is 4.3x and contours are spaced by 1.5 pm.

obtained from both regression methods are the same in this case. However, because the KT regression provides more accu-
rate K values and a better fit to experimental data at all magnifications, the KT regression was used for the results shown in
this paper. Terms higher than T-stress were not included because they were found to have negligible effects on regression
contours and K values and because their physical significance is questionable. Note that in Fig. 10 the size of the Von-Mises
plastic zone contour is a significant portion of the field of view. However, this is only a rough estimate of the plastic zone size
since it does not include redistribution of the plastic stress. The good agreement of experiments with the elastic KT solutions
for stresses could be evidence that the true plastic zone size is smaller than the Von-Mises estimate.

Several researchers [31,32] have performed regressions to obtain stress intensity factors; however, they did not perform
such regressions in crack closure situations. Since the reference DIC image is taken at the minimum load of each measure-
ment cycle (not at zero load because the load ratio is above zero), the regression K value is actually the effective change in
stress intensity factor (not simply the stress intensity factor) at each load. The effective change in stress intensity factor cal-
culated from the KT regression will be referred to as AK;. Results of AK; are plotted against load throughout a typical loading
cycle in Fig. 11a as triangles. The load-based theoretical stress intensity factor, K;peor, is also shown in Fig. 11a as a straight
line passing through the origin. The experimental measurements lag behind the theoretical solution since they exhibit a re-
gion at low loading during which the effective stress intensity factor remains nearly zero. This is reminiscent of the response
of individual displacement gages in the microscopic experiments, which showed little displacement with initial loading. The
curve in Fig. 11b, which is the transpose of Fig. 11a, has a similar shape to the curve in Fig. 3 (load versus gage displacement).
The similarity between these plots is due to the fact that AK; is calculated through measurements of the displacement field.
When the crack is closed, displacements change very little and the effective stress intensity factor remains near zero. There-
fore, the curvature at the beginning of the AK; curve is an indication of crack closure. Once the crack is completely open, AK;
increases linearly with load.

The effective stress intensity range, AK.g, used in the modified Paris relationship (2) is ideally just the maximum value of
AK;. However, a small amount of error in identifying the crack tip can have a pronounced effect on the slope of the linear
portion of AK; so that taking the maximum value of AK, can have significant uncertainty. To demonstrate this effect, a KT
regression was performed using a bad estimate of crack tip location that was 35 pum behind the identified crack tip (a typical
misidentification level). The results of this regression are shown in Fig. 11a. Lines were fit to the top half of the AK; data for
both cases of a correctly and an incorrectly identfied crack tip. The slope corresponding to the correctly identified tip is
noticeably closer to theory than the slope for the badly estimated crack tip data.

In order to obtain results that are more reliable and in order to compare these measurements to displacement gage crack
closure measurements made earlier at the microscale, crack opening/closure levels are calculated from AK; as follows. Elber
[3.,4] defined the effective stress intensity range, AK.zas the difference in the peak stress intensity factor, K;qx, and the open-
ing stress intensity factor such that

AK o = Kinax — Kopen. 8)

Since the crack is fully open throughout the linear portion of the AK; versus load curve, the opening level can similarly be
calculated at any load by the instantaneous difference in the load-based theoretical stress intensity factor and the change in
stress intensity factor AK, as follows:

Kopen = Ktheor - AKr (9)

It is posited that Kieor is the stress intensity factor that would be experienced by the specimen if closure effects were not
present. The slope of the linear portion of the AK, curve does not necessarily match the slope of the K. due to crack
tip identification problems leading to a different calculated opening level value depending on the load at which it is calcu-
lated. Since this situation is only an artifact of the difficulty of crack tip identification, the opening stress intensity factor,
Kopen, Was instead calculated by taking the difference between Kineor and a line of the same slope fitted to the linear (fully
open) portion of the AK, experimental results as shown in Fig. 11a. The crack opening level can then be compared to
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Fig. 11. (a) Finding K,pen from full-field measurements. Since the value of K obtained from regression is the effective change in stress intensity factor, the
opening stress intensity factor can be calculated by the difference between theoretical and regression values. Regression values are shown as triangles while
the circles show the effect of making a bad guess for the crack tip location. The fit to each set of regression data illustrates that the main effect of a bad crack
tip guess is a change in slope of the data. (b) The transpose of Fig. 10a illustrating the closure effect through a global specimen compliance change.

displacement gage values by dividing Kopen, by the maximum stress intensity factor from theory, Kpqx. This method of finding
crack closure levels will be referred to as the “full-field effective K” method.

Fig. 12 collects the AK; results for each of the low, medium and high K experiments at the two different macroscale mag-
nifications (1.1x and 4.3 x), as available. A few points may be observed from this figure. First, the low and medium K exper-
iments have regression values further below theory than the high K values, indicating less closure in the high K experiments.
This is consistent with displacement gage observations (Fig. 7) that the high K experiment had lower closure levels. Second,
the high K regression data also show some hysteresis; this could be an indication of notch tip plasticity effects due to a very
short fatigue crack and high loads. Third, the medium K regression data appear to be at a slightly different slope than the K
values predicted by theory. As mentioned above, this effect is due to measurement error in identifying the crack tip. Iden-
tification of the crack tip is done at a magnification of 28 x, but there is still some error in this measurement. The crack is not
generally shorter than these measurements, but it could be up to 35 pum longer depending on how much of the crack is ob-
scured by the speckle pattern. However, the averaging approach described earlier for computing Kopen from such macroscopic
results is more robust to crack tip position errors. Fourth, as Fig. 12a and c demonstrate, magnification level is shown to have
negligible effect on stress intensity factor values, as long as a KT regression is used, although results from 4.3 x magnification
have less noise than results from 1.1 x.

3.3. Linking the length scales

At this stage, two different DIC methods for obtaining opening (and closure) load levels independently from macroscale
and microscale experimentation have been described. Crack closure levels calculated from the macroscale full-field effective
K method are shown as horizontal lines in Fig. 7 where they are compared to the microscale displacement gage results. Since
the opening and closure values obtained through the macroscale method were very close to each other (due to the small
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Fig. 12. K versus load plots for the: (a) low K, (b) medium K, and (c) high K experiments. Results from two magnifications are shown (1.1 x magnification
images were not obtained for the medium K experiment).

hystereses in the AK; versus load curves) the lines shown in Fig. 7 are average values that represent both opening and closure
levels well. The opening/closure levels computed with the full-field effective K method are 14%, 15%, and 5% of peak load for
the low, medium, and high K experiments, respectively. For the low K experiment, full-field effective K closure levels agree
with displacement gages far from the tip (in the region of constant opening level). The effective K method gives a measure of
local crack opening far from the tip in the plateau region. If this value is known, it is believed that a measure of crack tip
opening load could be estimated from full-field measurements. It appears from Fig. 7 that a similar agreement between
the two methods is likely for the medium and high K experiments as well. Note, however, that in all three experiments, clo-
sure levels from the full-field effective K method are lower than almost all displacement gage measurements. Consequently,
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Fig. 13. Crack opening levels from the full-field K-compliance method along with results from the full-field effective K method and local displacement gage
results for comparison: (a) low K, (b) medium K, (c) high K. The horizontal axis represents gage distance behind the crack tip. The vertical axis represents the
percentage of the opening (or closure) load, P, divided by the peak load, Pp,qx.

the full-field effective K method is more conservative since it would lead to a higher crack growth rate by the modified Paris

relationship (2).
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As mentioned earlier, the regression value of K is essentially a measure of displacement in the specimen, and the AK; ver-
sus load curve behaved similarly to the load versus displacement curve (compare Figs. 3 and 11b). Since the slope of the AK;
versus load curve is similar to a compliance measurement, Elber’s technique of defining crack closure through compliance
change can be applied to the AK; versus load plots (Fig. 12) exactly as it was for the load versus displacement plots. The result
is a second full-field method for measuring crack closure; this method will be referred to as the “full-field K-compliance meth-
od”. This method was used to estimate crack tip opening levels by adapting the ASTM compliance offset technique to use the
(global) load versus K curve instead of the (local) load versus displacement curves of each gage.

The results of this technique performed on the full-field data at 4.3 x are compared to results of the other two methods
(DIC displacement gages and full-field effective K method) in Fig. 13a-c for the low, medium, and high K experiments,
respectively. Crack opening values obtained from the full-field K-compliance method (at 4.3x) appear to be slightly lower
than crack opening levels predicted by an extrapolation of local values for all three experiments. This is in contrast to the
full-field effective K method that gives opening levels that are more representative of local values far from the crack tip. Ana-
lyzing the full-field 4.3x displacement field as if it was a displacement gage gives results that represent an average of the
local opening levels within the imaged region. Thus, the full-field K-compliance method can be thought of in some sense
as providing average local crack opening levels using a larger, full-field displacement gage.

4. Conclusions

Two full-field DIC methods for measuring crack closure levels during fatigue crack growth in Ti were introduced and com-
pared to a DIC based displacement gage method. Including the T-stress term in the least squares regression was necessary for
reliable results from the full-field techniques. Results from the three techniques were compared for low, medium and high K
experiments (with maximum K values of 9.7 MPa,/m (with R = 0.05), 15.4 MPa,/m (with R = 0.05), and 18.9 MPa,/m (with
R ~ 0), respectively). Crack opening levels calculated from the full-field effective K method agree with displacement gage clo-
sure levels far from the crack tip in the constant opening level region. The second full-field method, the full-field K-compli-
ance method, gives crack opening levels that are an average of local values over the correlated region. The use of these full-
field methods would allow effective stress intensity factors to be measured on a full-field basis circumventing some of the
drawbacks of placing displacement gages in contact with the sample near the crack tip.

A comparison of the low and medium K experiments indicates there could be some small influence of the maximum
stress intensity factor as described in [25]; however, the current experiments are inconclusive in this regard. The ratio of
fatigue crack length to notch length was found to affect crack closure levels, confirming the results of Sehitoglu [6]. Displace-
ment gage measurements of crack tip closure levels (35% and 34% for low and medium K experiments) agree with the limited
published values for this material (27-42%).

At this time, it is unclear how to predict crack growth rates from the full-field measurements of crack closure presented
here. An extensive testing program could help shed light on this issue but is beyond the scope of this paper. Our focus here is
to introduce full-field crack closure measurement techniques and to use a multiscale experimental approach to compare clo-
sure levels obtained through microscale and macroscale experiments on the same sample. The full-field crack closure tech-
niques demonstrated here use lower magnification images than the DIC displacement gage technique (in this case, 1.1x
compared to 14 x). Since high quality, high magnification images for DIC can be difficult to obtain, these full-field techniques
could be a valuable, easier method for estimating closure levels. This could be of great use in many engineering applications
where obtaining approximate answers with less effort is desired.
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