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Abstract Strain fields in 600 grade dual-phase steel
V-notch tensile specimens, both with and without a spot
weld, were measured after mode 1 fracture initiation.
Starting with the final image of a fully developed crack, a
novel reverse digital image correlation (DIC) analysis was
used to determine the path that the crack followed at the
onset of fracture as well as the crack tip deformation field.
This gave the pixel coordinates of grid points on both sides
(i.e. fracture surfaces) of the crack path in the undeformed
image. Strain fields that develop in the base material
regions surrounding the two fracture surfaces were subse-
quently measured with forward DIC analysis. Steady state
values of the crack tip opening displacement (CTOD) and
crack tip opening angle (CTOA), which are important
fracture parameters, were measured for the base DP600
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metal. Notch tip opening displacement (NTOD) and notch
tip opening angle were also measured. It was found that
steady state values of the CTOD and CTOA are reached
within 2 mm or so of crack growth following completion of
the flat-to-slant transition of the fracture surface and
stabilization of the crack tunneling effect.

Keywords Reverse digital image correlation -
Mode I fracture - Spot welds - DP steel

Introduction

Substantial effort has been directed toward the development of
dual-phase (DP) steels for applications in transportation
industries [1-3]. The unique mechanical behavior of DP
steels includes continuous yielding, a low yield/tensile ratio,
a high rate of work hardening, and high uniform and total
elongation [4]. The term “dual-phase steel” refers to the
predominance of two phases in the ferrous microstructure,
viz., the relatively soft body-centered-cubic ferrite, and the
relatively hard body-centered-tetragonal martensite [5—7].

Spot welding is a critical part of vehicle assembly. Finite
element (FE) simulations of spot welds in vehicle structures
are often based upon component models where the weld is
represented by beam or plate elements. These models do
not account for weld fracture behavior under the mixed
mode conditions to which welds can be subject during
impact situations [8].

Variations of material and mechanical properties across a
DP spot weld render the optimization of welding process
parameters and development of accurate fracture constitu-
tive models extremely challenging [9]. These variations
were previously explored for the base metal, heat-affected
zone (HAZ) and fusion zone materials in DP 600 spot
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welds [10]. Using low strain rate tensile tests with a state-
of-the-art digital image correlation technique, material
models were generated for all three welds zones. The
strength of the fusion zone was shown to exceed that of the
base material due the higher martensite fraction in the
fusion zone. The material models from [10] were used to
accurately predict plastic deformation of single DP600 spot
welds in simple tension using finite element analysis [11].

Failure of resistance spot welds is dependent upon complex
interactions between a variety factors. Among the more
significant are deformation rates and loading path, welding
parameters and weld geometry, porosity, sheet thickness, and
base, HAZ and fusion zone material properties [9, 12, 13].
Fracture behavior is typically modeled with three-
dimensional structural simulations or inferred from simple
laboratory tests [14—16] and only relatively simple failure
criteria for resistance spot-welds have been used in structural
analyses [17]. Validation of existing spot-weld failure criteria
has been explored with analytical approaches wherein the
stress distribution around a weld is related to the far field
failure load [14, 15, 18-23] and with finite element failure
simulations [24, 25]. There are numerous reports in the
literature aimed at predicting failure of spot welds under
various loading conditions such as tension [23], shear [23],
combined tensile/shear [16, 23, 26], impact [27], and fatigue
[28, 29]. Test specimens with different geometries (e.g.
cross-tension, coach-peel, tension-shear, pure-shear as well
as button pull-out) have been used to analyze the failure
behavior of spot welds under loading paths that are more
complex than simple tension. In a recent study [30], a semi-
empirical fracture criterion for large (216 mmx=38 mm) DP
steel simple shear coupons with a single spot was reported.
This criterion relates a critical shear force at which fracture
initiates to the initial thickness of the spot welded sheets and
the ratio of the maximum hardness to the minimum hardness
of the HAZ (determined from indentation tests). If the
calculated tensile shear force is greater than the critical value,
the weld is predicted to fail by button pull-out fracture.
Alternatively, if the calculated simple shear force is less than
the critical value, then the weld is predicted to fracture via
the less desirable interfacial fracture mode. Additional failure
models may be found in [16, 26, 27]. Although such studies
provide a useful starting point for failure criteria develop-
ment, fracture material models for DP spot welds must be
based upon a more generic approach that consists of accurate
strain field measurement. Such measurements can then be
used to validate finite element predictions of spot weld
deformation and fracture.

This paper presents an experimental methodology that
provides strain fields in the vicinity of a propagating crack in
DP600 V-notch tensile specimens both with and without a
single spot weld. The choice of specimen geometry limited the
present study to mode I initiation which is not fully
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representative of the mixed mode fracture conditions to which
spot welds can be subject during vehicle impact [31]. However,
the simple V-notch geometry facilitated accurate strain field
measurement with a state-of-the-art digital image correlation
(DIC) technique which can be subsequently applied to more
complex fracture modes and experimental tests [32-36].

CTOD/CTOA for Ductile Fracture

The crack tip opening displacement (CTOD) was first
proposed by Wells [37] who observed that sharp crack tips
become blunted due to plastic deformation prior to crack
propagation. He found that the CTOD achieved a constant
value for stable crack growth in metals and that it is
essentially a measure of the fracture toughness. The concept
of the crack tip opening angle (CTOA) was proposed some
time later [38, 39]. It is important to note that application of
the CTOD/CTOA criteria assumes a pre-existing sharp crack
(of a given length) in the material. Various experimental
techniques have been used to measure the CTOA and CTOD
in metals [40—44]. More recently, new techniques to measure
mixed mode I/Ill CTOD in ductile aluminum and steel
HSLA340 under in-plane and out-of-plane loading conditions
using 3D DIC technique have been developed [4547]. A
subset splitting technique using DIC was proposed to measure
displacement jumps across the discontinuities to detect crack
growth under Mode I and II loading conditions [48].

In FE simulations, crack growth has been modeled with
steady state values of the CTOD or CTOA [49]. An initially
bonded node pair at the crack tip is separated with the crack
then extended by one element to simulate crack growth.
Load-crack extension curves are predicted based on the
CTOD/CTOA failure criteria. Values of the CTOD in
conjunction with a 3D fracture simulation code to analyze
crack tunneling in ductile sheet metal have also been used
[50]. As a result, it was found that the critical CTOD value
has a clear dependence on the crack-front stress triaxiality.
Other issues/limitations of the CTOD or CTOA as single
fracture criteria that need to be taken into account are the
ability to capture crack initiation, crack branching, crack
coalescence, and the ductile-to-brittle transition. From the
computational implementation point of view (e.g., in a FE
code), the need to keep track of each single crack is an
important issue. For this, the use of a mesh independent
method (e.g. interface element methodologies, mesh-free,
X-FEM and adaptive re-meshing) would be desirable.

Additional quantities that can be measured during
fracture are the notch tip opening angle (NTOA) and the
notch tip opening displacement (NTOD). Both are mea-
sured relative to the initial notch-tip position. They can be
determined continuously throughout a test without any
specific information about the moving crack tip position
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[51]. These quantities are generally easier to measure than
the CTOA and CTOD. Measurements of CTOD and CTOA
of a steady state growing crack first require the current
location of the crack tip and then the position at a given
distance (typically 1 mm) behind each of the two fracture
surfaces. If the NTOA and the NTOD could in principle be
quantitatively linked to the CTOA and the CTOD, then
there would be less need to measure the latter.

Experimental Details
Dual-Phase Steel (DP600)

Cold-rolled, galvanized, DP600 steel sheets with a 2.0-mm
gage were used in this study. The steel supplier was National
Steel. Manganese, chromium and carbon were the main
alloying elements and their concentrations were comparable
to those in other commercial dual-phase steels. The nominal
yield and ultimate tensile strengths were 340 MPa and
590 MPa, respectively. The resistance spot welds were
fabricated using direct-current and single pulse schedules on
two identical overlapping dual-phase steel sheets. Welding
current and welding hold time were set to approximately 10 kA
and 20 cycles (i.e. 1/3 s), respectively. This combination of
welding process parameters was found to consistently generate
weld diameters of approximately 6 mm. Note that the HAZ was
of the order of 0.5-0.7 mm in width. On average, the hardness
of the weld fusion zone, which consisted of 80%-martensite/
20%-ferrite was 3.93 GPa. This is about 75% greater than that
of the base material (2.37 GPa). The hardness values were
obtained using the Oliver-Pharr method from nanoindentation
tests [63]. See Ref. [10, 64] for additional details behind the
hardness measurement. Further details on the microstructure
of the base and fusion zone materials as well as measured
properties of these materials may be found in [10, 64].

Fracture Specimen Preparation and Dimensions

All dual phase steel specimens tested in the present work
were prepared with precision electrical discharge machin-
ing. The 1.7 mm-thick single sheet V-notch specimen with
no weld is shown in Fig. 1(a). The notch is 5 mm deep, as
indicated in the figure, with a 60° angle. The overall
specimen length and width are 56 and 25 mm, respectively.
Two-5 mm diameter holes were machined in each specimen
to accommodate the loading pins. The centers of the two
holes, which were separated by 30 mm, were aligned with
the notch tip as detailed in Fig. 1(a). Additional specimen
geometries had a single spot weld 1.5 mm beneath the
notch tip, as shown in Fig. 1(b), and touching, or slightly
penetrating the outer perimeter of a single spot weld, as
shown in Fig. 1(c). Each spot weld, which is denoted by the

30mm

(a)

25mm

§6mm

1.5mm

(b)

(c)

Fig. 1 Schematics of DP600 fracture specimens. (a) base material with
no spot weld, loading occurs along the dot-dashed line through the
loading pin holes; (b) and (c) 1-2 mm-thick DP600 coupon with 5 mm
notch and loading pin holes. (b) spot welded specimen with spot weld
(solid circle) positioned 1.5 mm below the notch tip; (¢) spot welded
specimen with notch tip touching the outer perimeter of the spot weld
(solid circle). Each spot weld had a 6 mm nominal diameter, as indicated

solid circle in Figs. 1(b), (c), had a nominal diameter 6 mm.
All surfaces of each fracture specimen were found to be
free of obvious machining defects. Figure 2 shows an off-
center view of the specimen geometry in Fig. 1(b) where
the weld and notch tip are separated by 1.5 mm.

Fracture Testing

The experimental configuration for the fracture tests, which
is shown schematically in Fig. 3(a), consisted of three main
components:

(1) An MTS 810 (hydraulic) tensile-testing machine for
load application under a constant cross-head speed;

(2) Imaging equipment for digital image acquisition and
additional processing;

(3) A data acquisition computer.
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Fig. 2 Off-center view of a single weld V-notch specimen in Fig. |
(b). Spot weld is positioned 1.5 mm beneath the notch tip

The testing instrumentation electronics allowed for
load data acquisition at 8 Hz. The MTS machine had a
load cell with a capacity of 20,000 N and a displacement
transducer with a measurement range of 100 mm. The
cross-head speed used in these experiments was
0.01 mm/s, and the load data sampling rate was 8 Hz.
Figures 3(b), (c) show the experimental configuration and
a close-up view of the grippers in the MTS machine,
respectively. Note the DP600 V-notch specimen at the
center of the grippers in Fig. 3(c). One surface of each
specimen was decorated with a pattern of black and white
paint speckles. The decorated surface of each fracture
specimen was imaged continuously at 8 s intervals during
the tests with a Canon Rebel digital camera. A set of
3072%2048 pixel digital images of the whole area in the
vicinity of the crack tip was recorded with a spatial
resolution of 21.5 um/pixel. The size of a typical contrast
feature or speckle was about 10 pixels. The time history
was logged by tracking the stepping number of the
stepping motor and then associating recorded axial load
and displacement of the tensile testing apparatus with a
given stepping number. The image and load data were
then synchronized for post-processing with DIC. The
fracture surfaces were examined with SEM to provide
microstructural details about the fracture process.

Deformation Measurment and Reverse DIC
Background
The DIC-based deformation measurement technique [36]

was used to measure crack tip deformation fields,
deformation in the regions bounded by the fracture
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surfaces, and the CTOD/CTOA, and NTOD/NTOA varia-
tions with crack length. A variation of the DIC technique,
referred to as “reverse DIC,” was applied to measure
steady state values of the CTOD/CTOA and NTOA/
NTOA, and crack-tip deformation fields [35, 44, 52].
Although the CTOD/CTOA have been investigated in
welds of other materials [53-56], no existing studies of
spot weld fracture in DP steels with the CTOD/CTOA
could be identified during the course of the present
investigation (a similar observation holds for other
advanced high strength steels). A general description of
the DIC measurement methodology has been detailed
elsewhere [10, 11, 36]. The measurement procedures are
briefly described here.

Crack Tip Deformation Field

A close-up image (#1704) of a typical undeformed V-
notch specimen (consisting entirely of base DP600
material) mounted in the testing stage is shown in
Fig. 4(a). The loading direction is along the vertical
direction in the image. When characterizing the deforma-
tion field during fracture, an area that surrounds the crack
tip must be selected over which strain field measurements
are to be made. This area is delimited by the solid white
boundary lines that follow the notch geometry. The
horizontal dashed white line and yellow dotted lines
represent the as-of-yet unknown crack surfaces. The
information that must be obtained to determine these
surfaces during fracture are the pixels corresponding to the
horizontal dashed white line and yellow dotted lines (i.e.
the crack surfaces) in the undeformed image of Fig. 4(a).
The same bounding area in Fig. 4(a) is shown in Fig. 4(b)
(image #1760) which is the specimen in Fig. 4(a) at a later
stage of mode I fracture. As the crack grows from the
notch in mode I fracture, free boundaries of the specimen,
which are delimited by the same dashed white and dotted
yellow lines, were formed. One cannot carry out the
conventional DIC using Fig. 4(a) (as the reference image)
and Fig. 4(b) (as the current image) since a continuous
displacement field with a pixel subset is assumed and this
does not address a pixel subset across the crack bound-
aries (where there is no material). In other words, com-
parison of the image in Fig. 4(a) (as the reference image)
with that in Fig. 4(b) will not yield any useful displace-
ment or strain information in material that surrounds the
crack boundaries due to the open (black) region between
the crack surfaces in the latter. Hence, a region of interest
(i.e. the image region that contains the discrete grid points
computed in the post-processing step at which displace-
ments and strains are to be measured) cannot be defined
without prior knowledge of the crack geometry, and in
particular, the location of its tip and free boundaries.
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Fig. 3 (a) Schematic of experi-
mental setup for fracture testing; (a) B;;["]S
(b) MTS machine; (c) grippers
used to deform each fracture
specimen. Loading occurs along
the vertical direction in the Specimen :1 :
image
CCD Camera/Canon Camera
MTS
[ j| 810
(Gripper]
iControl

Reverse DIC

The difficulties described in “Crack Tip Deformation Field”
can be readily overcome by using the so-called reverse DIC
analysis approach. The reverse DIC method that we apply
to crack-tip deformation field measurement for a growing
crack has been used in other applications reported in the
literature [35, 48, 62]. In this paper, we use reverse DIC to
automatically find the pixel coordinates of the upper and
lower free surfaces of the growing crack on the undeformed
image and then use them in two separate forward DIC
analyses of the entire image set for obtaining ductile
fracture parameters CTOA and CTOD. This approach is
unique in that the actual path of a growing ductile crack is
explicitly identified for uncracked images. Using image
#1760 in Fig. 4(b) as the reference image (for example),
with well-defined free boundaries of the grown crack, and

Displacement Transducer

Load Cell

|

Computer

the undeformed configuration in Fig. 4(a) as the current
image (#1704), the continuity assumption on the subset
deformation will always be valid. Therefore, in the reverse
DIC method, the pixels corresponding to the crack surfaces
in Fig. 4(b) are located in the initial undeformed image of
Fig. 4(a). These pixels correspond to the “interface”
denoted by the dashed white and dotted yellow lines in
Fig. 4(a). Once these are known in Fig. 4(a), then a suitable
region of interest (over which strain fields can be computed)
is defined and forward DIC is then used (starting with Fig. 4
(a) as the reference image) to compute deformation fields in
material bounded by the crack surfaces.

Figure 4(c) shows a schematic of the region over which
reverse DIC analysis was conducted; this is bounded by the
crack boundaries in Fig. 4(b). This region was chosen at
some distance from the left edge of the specimen, as shown
in Fig. 4(b), so as to avoid any bending effects. It is large

SEM
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Fig. 4 Illustration of the DIC processing region for a crack tip deformation field (base metal fracture coupon GMT170). (a) The corresponding
undeformed image #1704 prior to crack initiation along with the crack path (solid white dashed and yellow dotted lines) computed from reverse
DIC. The loading direction along X2 is denoted by the double arrow. (b) The deformed image (#1760) of the fracture coupon with a grown crack.
The region of interest is outlined by thick white lines enclosing the crack tip. The upper and lower crack surfaces are denoted solid white dashed
and yellow dotted lines, respectively. The image size is 3072-by-2048 pixels and the image spatial resolution is 21.5 wm/pixel. (¢) The outline of
the region of interest and the two sets of boundaries used for generating a non-uniform grid point set. X1 and X2 are the horizontal and vertical
pixel coordinates of the digital image. (d) The entire grid point set used in the reverse DIC calculations between the deformed image #1760 and
the undeformed image #1704. Each grid point is located at the intersection of crossing mesh lines (including the region boundary lines). Results
of the reverse DIC analysis of images #1760 and #1704 are given in Fig. 7

enough to include significant variations in plastic deforma-
tion around the crack tip. The first set of boundary lines
(denoted by “First boundary” and including the notch and
crack surfaces) as shown in Fig. 4(c) was formed by a set of
adaptively spaced grid points. These are shown explicitly in
Fig. 4(d). The second set of boundary lines (denoted by
“Second boundary”) as shown in Fig. 4(c), was also defined
by adaptively spaced grid points of the same total number.

The entire grid point set used in the reverse DIC analysis is
shown in Fig. 4(d). The interior grid points were specified
along straight lines drawn to connect the corresponding grid
points on the two sets of boundary lines [i.e. the “First” and
“Second” boundaries as shown in Fig. 4(c)]. Each point at
the intersection of two lines in Fig. 4(d) defined an interior
grid point used in the DIC analysis to obtain local
displacement and strain values. Hence, the reference image
was the “cracked” V-notch specimen with the geometry
shown in Fig. 4(d) near the end of the fracture test.
Displacement and strain fields were computed via compar-
ison of positions of the grid in Fig. 4(d) of the reference
image #1760 with those computed in Fig. 4(a). In this way,
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the cumulative deformation history was effectively obtained
in the reverse order from the end to the start of the test (i.e.
as the crack closes to the initial undeformed state in Fig. 4
(a)). Representative results of the reverse correlation analysis
associated with the reference image #1760 in Fig. 4(b) and
the current image #1704 in Fig. 4(a) are shown in Fig. 7(f)
(after a correction procedure detailed in Tong, 2004b).

CTOD, CTOA, NTOD, NTOA

Definitions of the crack tip opening displacement (CTOD),
crack tip opening angle (CTOA), notch tip opening
displacement (NTOD), and notch tip opening angle
(NTOA) are listed in Table 1. The reference points
associated with these definitions are depicted in the
schematics of Figs. 5(a), (b), respectively. In Fig. 5(a),
points “A” through “H” pertain to the undeformed
configuration (i.e. the notch prior to crack initiation). Points
“a” through “h” in Fig. 5(b) correspond to the deformed
configuration. Here, point “A” in the undeformed config-
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Table 1 Definitions of CTOD/CTOA and NTOD/NTOA (see Fig. 5(b))

CTOD = U, — U, (2a)
NTOD = U, — U, (2b)

U is the absolute displacement
calculated by DIC in the
loading direction for a grid
point.

CT04 = 2tan! (T%42) - (3a)
| [NTOD—U,; U,y is the relative separation of
NTOA = 2tan ( T ) (3b)  two points at the identified
crack tip; Uy, is the relative
separation of points g and
h behind the original notch tip
[Fig. 5(b)]. Note that L and
[ are the lengths measured
from the crack tip and notch
tip, respectively (both are 1
mm in Fig. 5(b)).

uration corresponds to point “a” in the deformed configu-
ration, and so on. Figure 5(a) shows the undeformed
configuration where line ECGA is the upper crack surface
(denoted by the dashed white line in Fig. 4(a)) and FDHB is
the lower crack surface (denoted by the dotted yellow line
in Fig. 4(a)). Figure 5(b) shows the deformed configuration
with crack tip blunting (denoted by the curved section
between points “e” and “f”) associated with DP600. Note

(a)
EC
F D

un-deformed

A/
B\

crack propagation

(b)

lK
1
1
1
1
1 F
1
1
|
1
| \Up-U,
-—€ e ——r -
1
f :
—
1
0

Fig. 5 Schematics associated with the definitions of CTOD/CTOA
and NTOD/NTOA for the V-notched mode I fracture specimen: (a)
undeformed configuration showing initial positions of the crack
boundary lines A-G-C-E and B-H-D-F; (b) deformed configurations
with crack tip blunting (small curved region between “e” and “f”),
the crack edge is defined by lines a-g-c-e and b-h-d-f. The loading
direction is indicated by the double arrow

that the sharp or “ideal” crack tip is positioned at “o0”, rather
than the blunted region between points “e” and “f”. Lines
ecga and fdhb define the actual open crack surfaces
(or, alternatively, the crack-edge lines or crack-boundary
lines), with ecga corresponding to the dashed white line in
Fig. 4(b), and fdhb corresponding to the dotted yellow line in
Fig. 4(b). The CTOD is defined as the relative normal
separation of the two points “c” and “d” in Fig. 5(b)
measured 1-mm behind (i.e., L=1 mm) the nominal crack-tip
at points “e” and “f” in Fig. 5(b) (this was identified via
visual inspection of the digital images). The NTOD is
defined as the relative normal separation of points “a” and
“b” in Fig. 5(b) (the original notch tip).

Application of DIC to the measurement of the CTOD and
CTOA is not new (see, for example [41]). However, the
CTOA defined here is different from that used in previous
references [40, 41, 57]. The definition of the CTOA in
equation (3a) is based upon the observation (e.g., when one
examines the images in Fig. 7(e) and g at high magnifica-
tions) that the crack tip may not be perfectly sharp, but in
fact may blunt prior to growth. Therefore, when calculating
the CTOA based on the displacements obtained from DIC
analysis, the relative separation at the nominal crack tip “e”
and “f” must be eliminated. In other words, the CTOA may
not be calculated from the triangle formed by the ideal crack
tip and two points at the measurement location (1-mm
behind the ideal crack tip) as the location of ideal crack tip
may not be accurately determined. The CTOA would be
overestimated if it were directly calculated from the CTOD
without subtracting the relative separation of the two points
at the nominal crack-tip U,; i.e., using the conventional
approach [41, 57]

(4)

where L is a fixed distance (e.g., L=1 mm) behind the
visible crack tip. A similar definition of NTOA is used via
equation (3b) in Table 1, where “g” and “h” are at a
location 1-mm ahead (i.e., /=1 mm) of the original notch
tip [i.e. points “a” and “b” in Fig. 5(b)].

Figure 6(a) shows the two regions of interest in the
undeformed configuration. These were computed in the
reverse DIC process. The white and yellow lines in Fig. 4(a)
have been replaced by red lines (denoting the upper portion)
and black lines (denoting the lower portion). To compute the
strain fields that developed in these regions as fracture
progressed, forward DIC analyses were conducted on both
regions with the customized grids shown in Fig. 6(b) using
the entire image sequence of the crack growth process. The
positions of both the upper and lower crack edges obtained
from the two separate DIC analyses were then used to
determine the CTOA, CTOD, NTOA, and NTOD according
to Table 1 and Fig. 5(b).

CTOD
CT0A =2mn1( 7 )

SEM
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Fig. 6 Illustration of the DIC processing region for computing
CTOD/CTOA and NTOD/NTOA (V-notched base metal compact
tension coupon No.2-1): (a) the two regions of interest defined over
the undeformed image #1655 at the start of the fracture test; (b) the
grid point set defined by the intersection points of crossing mesh lines.
X1 and X2 are the horizontal and vertical pixel coordinates of the
digital images. Results of two forward DIC analyses of the image pair
#1655 and #1805 are given in Fig. 8

Table 2 Threshold CTOA and CTOD values for DP600 base metal

Experimental Results
DP600 Base Metal

Four fracture tests were carried out on V-notched compact
tension specimens consisting of DP600 base metal. Each
was given a unique “BM” label (for “Base Material”) in the
first column of Table 2. Results from DIC analysis in the
SDMAP (Surface Deformation Mapping) program are
listed in Table 2. The true plastic strains at notch tip
blunting at the outset of the tests are reasonably consistent,
with the smallest strain being 28.66% and the largest strain
being 37.14%. The threshold CTOA/CTOD values for
steady crack growth from the four tests are closely grouped,
with average values of 9.57° and 0.49 mm, respectively. A
representative DP600 base metal load-displacement curve
(where the displacement is the cross-head displacement of
the MTS machine) from BM2 is shown in Fig. 7(a). At the
maximum load level of 9800 N, the sharp V-notch blunted.
This is shown in the digital image in Fig. 7(c). Contours of
the computed strain field transverse to the loading direction,
Erl, are displayed in the cumulative strain contour map of
Fig. 7(d). The accumulated plastic strain immediately ahead
of the notch tip is ~30%. A similar strain level was
consistently found in the three other V-notch fracture tests
summarized in Table 2. Upon further loading, the crack
nucleated in the notch and started to grow as shown in
Figs. 7(e), (g). Contours of cumulative true strain along the
loading direction, Er2, are shown in Figs. 7(f), (h). It is worth
noting that the plastic strain at the crack tip slightly decreased
with crack propagation (this is not shown in the contour
maps). The maximum plastic deformation occurred at the
crack tip or blunted notch. At a certain crack length, the Er2
plastic strain contour values along the crack path slightly
decreased from the original notch tip [Fig. 7(f)] but increased
again at later stages of deformation [Fig. 7(h)]. The tests
were terminated after a period of stable crack growth so as to
avoid substantial bending at the left end of a test specimen.
Note that some compressive strains (blue contours) are seen
in Fig. 7(h). These denote the development of small bending
strains. The strain fields computed with the cumulative
correlation DIC analysis can be used as a basis for validating
DP600 fracture models for the base DP600 material.

Test number (coupon name) True plastic strain at crack blunting CTOA? (degrees) CTOD? (mm)
BMI (plate_basel_2) 28.66% 9.71 0.51
BM2 (plate_base2 1) 37.14% 9.27 0.46
BM3 (plate basel 3) 32.95% 9.63 0.48
BM4 (plate_base2_2) 30.15% 9.67 0.49

#CTOA and CTOD threshold values are constant values extracted from the CTOD/CTOA vs. crack length curves such as those shown in Figs. 9(a), (b).

SEM



Exp Mech (2010) 50:1199-1212

1207

Fig. 7 Selected results of frac- (a)

ture test BM2 (base metal
specimen No.2-1): (a) load-
displacement curve; (b) unde-
formed image (#1655); (¢) crack
blunting (image #1690); (d) cu-
mulative notch-tip strain field
Erl from the image pair of
#1655 and #1690 (e) crack
propagation (image #1720); (f)
cumulative crack-tip strain field
Er2 from the image pair of
#1704 and #1720, (g) crack ¥ L o

Axial Load (N)

propagation (image #1760); (h) (V] 1 2
cumulative crack-tip strain field
Er2 from the image pair #1704
and #1760. Erl is the normal
true strain in the horizontal X1-
direction, and Er2 is the normal
true strain in the loading direc-
tion or vertical X2-direction.
Note that the strain contours in
(d), (f) and (h) were computed
with reverse DIC

To compute the CTOD/CTOA, the crack growth path
was identified from deformed image #1728 (with a crack
length of ~9.2 mm) and the undeformed image #1655
[Fig. 6(b)]. Image #1728, which is not shown in Fig. 7, was
chosen as a suitable intermediate to images #1705 and
#1760. After performing separate forward DIC analyses on
the two regions in Fig. 6, the computed field data, which
contains displacements, relative rotations, true axial strains
(in the loading and transverse directions), and in-plane
shear strains, were obtained. The DIC results are shown
in Fig. 8. The processing region is shown in Fig. 8(a).
Figure 8(b) shows the deformed boundary lines from DIC
at the end of the test. Figures 8(c)—(f) show the computed
cumulative displacement and strain fields in the deformed

Displacement (mm)

Er2
0.5177
0.4055
0.2934
0.1813
0.0691

-0.0430
-0.1552
-0.2673

SDMAP-3D

state. Note that U2 and Ul are displacements in pixel units
along the loading direction and transverse to the loading
direction, respectively, with 21.5 pm/pixel spatial resolu-
tion. The peak strain levels along the crack path in Fig. 8(¢)
are smaller than those for the crack tip [Figs. 7(f), (h)]. As
shown in Fig. 8(f), the transverse strain along the crack
growth direction was first negative, meaning that the
specimen was under compression at the early stages of
loading. Then the strain became positive, and hence the
region around the crack growth path in the specimen was
then under tension as the crack started to grow.

The variations of the CTOD and CTOA with crack
length are shown in Figs. 9(a), (b). The CTOD first
increased without crack propagation and then approached

SEM
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Fig. 8 Selected results of fracture test BM2 (base metal specimen No.2-1) for CTOD/CTOA measurement: (a) the two undeformed regions of
interest as shown in Fig. 5(a) (image #1655); (b) the two deformed regions of interest (image #1805); (¢) axial displacement U2 contour map in
the loading direction; (d) transverse displacement Ul contour map; (e) true axial strain Er2 contour map (in the loading direction); (f) true
transverse strain Erl contour map
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a steady state value of 0.46 mm with stable crack growth.
The CTOA first increased to a value of ~16° and then
tended to approach a steady state value of 9.27°. The
NTOD and NTOA show a nearly linear variation with crack
length in Figs. 9(c), (d), respectively. The NTOD does not
achieve a constant value (as does the CTOD) since it is
measured at the initial notch tip A/B in Fig. 5(a). However,
the slope of the NTOD with crack tip length may in fact be
nearly constant if the crack edges remain straight. The
NTOA would also be constant if the crack edges remained
straight. The fact it is not a constant indicates there is a
bending effect that caused the crack edges to be slightly
curved.

It is interesting to note that the value of the CTOA became
(more or less) constant after a certain amount of crack
propagation (~1.9 mm). The corresponding extent of crack
propagation was of the order of the thickness (1.7 mm) of the
V-notch tension specimen. This type of behavior may have
resulted from the flat-to-slant transition. This is suggested in
Fig. 7(g), where a white strip at the edge of the upper crack
surface is visible. Here, the crack surfaces are not perpen-
dicular to the loading axis. According to Anderson [5§],
when an edge crack in a plate grows by microvoid
coalescence, the crack exhibits a tunneling effect where it
grows faster in the center of the plate, rather than on the

surfaces of the plate due to higher stress triaxiality [S9-61].
There is thus a transition or change of fracture mode (from
purely mode I to mixed mode I/III). Once crack propagation
settled on a stable mixed mode fracture, then the CTOD
became constant (more or less). In essence, crack tunneling
is defined as the difference between the interior crack length
and the surface crack length.

Welded Plates

Four welded V-notch tension samples were tested. Test results
are summarized in Table 3. Each specimen is given a unique
“SW? label (for “Spot Weld”) in the first row of Table 3. The
deformed test specimen SW3 is shown in Figs. 10(a), (b).
Note that the spot weld is not evident due to the paint speckle
coating necessary for DIC post processing of the strain fields.
This specimen followed the geometry shown in Fig. 1(b)
where the initial notch tip was positioned 1.5 mm above the
fusion zone. When it was loaded (along the horizontal), the
original notch tip first blunted, as shown in Fig. 10(a). Two
stages of crack propagation then followed. In the first stage,
which is shown in Fig. 10(b), the crack, which sits at the end
of the white arrow in the figure, propagated straight down
below the original notch tip. In the second stage, shown in
Fig. 10(b), the direction of crack propagation changed to

Fig. 9 Selected results of frac- = [ 18 b
ture test BM2 (base metal spec- E 08 -(a) T 15 _( )
imen No.2): (a) crack tip ‘g S j & o
opening displacement (CTOD); S 057 \J\l\ 3 p \ -ﬁ 14k 3
(b) crack tip opening angle 8 - / = \ . | 2 4 i \
(CTOA); (c) notch-tip opening "g 0.4 / N \j‘ 0 b
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Fig. 10 Selected results of
fracture test SW3 (spot-welded
plate No.A3 1): (a) undeformed
image (#646); (b) notch blunting
(image #777); (a) white arrow
points to the crack tip propagat-
ing towards the fusion zone
(image #805); (b) curved crack
propagation (image #825); (c)
axial true strain Er2 contour map
(images #646 vs. #777). (d) in-
plane shear strain Er12 contour
map (images #646 vs. #777).
Note that the fusion zone is
masked by the spray paint layer

in (a)—(b)

follow a counterclockwise path around the circular fusion
zone, bypassing it altogether. Additional study of the digital
images of the crack process and associated SEM micrographs
revealed that the crack grew into the base material and not
into the HAZ. Even at the point of crack blunting, a plastic
strain of ~32.5% had accumulated in the strains localized in
the base material around the fusion zone region. This is
shown as the light green contours with the contour lobe that
runs counterclockwise in the axial strain map of Fig. 10(c).
Shear strain contours are displayed in Fig. 10(d) and clearly
show the direction of crack propagation. The highest shear
strains along the crack path are ~22.2% and demonstrate that
the DP600 spot weld fusion zone is resistant to mode I
fracture altogether under the present testing conditions. This
is not unexpected in light of the fact that the fusion zone
consists primarily of martensite and there is no relative
motion between the welded plates (as, for example, in
tension-shear) in the mode I fracture test. The notch tip in
fracture tests SW1 and SW2 followed the geometry in Fig. 1
(c) and penetrated the fusion zone to a depth of 0.8~1 mm.
When these specimens were loaded in the fracture tests,
failure did not occur in the fusion zone either, even with the
notch tip (with a certain stress concentration factor) penetrat-
ing it. Rather, the crack again followed a path around the
fusion zone. No noticeable crack tip blunting was found
inside the fusion zone in fracture tests SW1 and SW2. This
suggests that a DP600 spot weld is resistant to mode I

SEM

Er2
0.56638
0.4700
0.3B61
0.3022
0.2183
0.1345
0.05086

-0.0333

SDMAP-3D

B2
0.28186
0.1P00
D.1438
0.107 2
D.0867
0.0242

-0.0172
-0.0628

fracture loading irrespective of whether the notch tip is inside
or outside of the fusion zone. The plastic strain around the
region just outside of the fusion zone was consistently ~30%
(as shown in Table 3) immediately prior to the failure
occurring around it.

Summary Remarks

Strain fields in Mode I fracture studies of DP600 notch
specimens consisting entirely of base material or containing a
single spot weld were measured with the reverse DIC
methodology. Since fracture involves the creation of new
surfaces in the material, the usual forward DIC methodology,
where one compares an image of the undeformed specimen
with an image of the specimen in the deformed state, will not
work. The reverse DIC methodology specifically addresses
this issue by using the deformed state as the reference
configuration to determine the location of the fracture surfaces

Table 3 Summary of fracture tests on dual-phase steel spot-welded plates

Test number (coupon name) SW1  Sw2 SwW3  Sw4
(A2 1) (A2 2) (A31) (B2 2)

Plastic strain prior to failure 37.6% 332% 32.5% 28.3%

around the weld
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in the undeformed configuration. Subsequent cumulative
correlation gives the crack tip deformation field due to the
fracture process. Once the fracture surfaces are indentified,
then forward DIC can be meaningfully applied to compute the
deformation fields in the regions of solid material bounded by
the crack surfaces and to measure the CTOD, CTOA, NTOA,
and NTOD.

The measurement results detailed in this paper can be
used to calibrate fracture models that account for material
behaviors that are unique to DP600. This will be especially
important for modeling purposes.

Of paramount importance is the measurement of crack
tip deformation fields and the CTOD, CTOA, NTOA, and
NTOD in the fusion zone of a DP600 spot weld. As long as
the test configuration permits imaging of the propagating
crack, either before and after the fracture process, or,
preferably during fracture, then these measurements are
entirely possible with reverse DIC. A technique that has yet
to be explored to any significant detail and which could in
fact provide digital images from which strain information
could be extracted with reverse DIC is X-ray tomography.
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