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Techniques for testing
in-service materials using
portable indentation sys-
tems have been developed
tor more than 15 years.
In one disadvantage, the :
techniques use material- Pipelines
specific parameters to de-
termine yield strength of an unknown
material, which must be premeasured
from tensile testing of the material.

ests prove indentation technique
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Advances in fundamental under-
standing of materials’ mechanical be-
haviors have made it possible to over-
come this disadvantage. Limitations of a
maximum strain of 0.2 in./in. have al-
so been removed as a result of im-
provement of the analysis methodology.

Other improvements, such as un-
loading curve analysis and pile-up and
sink-in-effective quantification, have in-
creased the accuracy of flow-curve
analysis and tensile-property evaluation.

In addition to the principles of these
improvements, this article presents the
results of blind tests with three repre-
sentative metallic materials compared
with those of uniaxial tensile tests.

Also presented are the results of field
measurements that demonstrate the ef-
fectiveness and reliability of the ad-
vanced system developed. Applications
of the developed techniques to integri-
ty assessment of welded structures are
also discussed.

Mechanical properties

Integrity assessment and cost-effec-
tive management of in-service struc-
tures require that the mechanical prop-
erties of the structure’s material be
known.

Lack of documentation on pipeline
materials, which is common for many
older pipelines, results in the need for
reestablishing the maximum allowable
operating pressure for the pipeline via
tensile testing or using a minimum

yield strength of 24 ksi or less.! In
many cases, the use of this assumed
minimum yield strength will lead to a
very conservative assessment and result
in needless and costly maintenance.
For tensile testing, US 49 CFR 192
specifies that one set of tensile tests
must be done for each 10 lengths of
pipe for pipelines of more than 100
pipe lengths. Because samples must be
removed from the pipeline, the practice
is both destructive and expensive.
Therefore, the instrumented inden-
tation technique has emerged as one of
the most practical and useful technolo-
gies for non-destructive, quantitative
measurement of mechanical properties
tor in-field service structures.
Techniques for testing in-service
materials using advanced portable in-
dentation systems have been developed
and used for several years.* One of the
systems uses universal correlation fac-
tors to determine yield strength of an
unknown material, which must be pre-
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measured from tensile testing of the
material.? It has been determined that
the use of such universal factors can
produce inconsistent results.

During extensive testing of the tech-
nique,”* however, a correlation has
been determined which allowed mini-
mizing the differences between inden-
tation predictions and APT 5T tensile
testing results.* Further advances in the
fundamental understanding of the me-
chanical behavior of materials made it
possible to develop a more accurate
process for yield-strength determina-
tion.*¢7

Limitations such as a maximum true
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plastic strain of 0.2 in./in. that could
be achieved for indentation systems
have also been removed due to im-
provement of the analysis methodology.
Other improvements in areas such as
unloading-curve analysis and pile-up
and sink-in-effective quantification,
have been made which further increase
the accuracy of tensile-property evalua-
tione 3

Deformation process

The advanced indentation technolo-
gy has been developed from the con-
ventional hardness test. This technology
measures the indentation load and pen-
etration depth during loading and un-
loading of a spherical indenter at con-
stant speed, instead of the direct obser-
vation and measurement of indent size
in the conventional hardness test.” "
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An indentation load-depth curve is
obtained from this procedure similar to
the load-displacement curve from the
uniaxial tensile test. This curve repre-
sents the deformation behavior of the
test sample beneath the rigid ball in-
denter.”®

The equivalent true stress and strain
identical with the flow properties from
the standard uniaxial tensile test can be
predicted on the analysis of indentation
load-depth curve considering the in-
dentation stress fields and deformation
shape.®’

There are three stages of deforma-
tion in the indentation process: elastic,
elastic-plastic, and fully plastic.®

A reversible deformation occurs at
low load indentation in Stage I. When
the indentation stress fields satisfy the
yield criterion, a plastic zone arises
near the indenter inside the material
and expands to free surface, Stage II. In
this stage, the mean contact pressure
beneath the spherical indenter increases
rapidly.

Finally, the hemispherical plastic
zone grows into its surrounding elastic
zone with a constant velocity as the in-
denter penetration depth increases,
Stage III. The mean contact pressure
slightly increases in the fully plastic re-
gion.

This three-stage deformation process
is similar to the work-hardening behav-
ior of the uniaxial tensile test except for
nonhomogeneity

Predicting the uniaxial flow proper-
ties from indentation-induced deforma-
tion is described presently. The raw data
from the indentation test are the inden-
tation load-depth curve shown in Fig. |

where only the load-depth curve in
Stage IIT appears because of the limita-
tion of the instrument resolution. Fig. 2
shows the elastic and plastic deforma-
tion around the indenter.

The equivalent stress and strain were
defined in terms of the measured in-
dentation contact parameters, such as
contact depth, indenter shape, and the
morphology of the deformed sample
surface. The real contact properties are
determined by considering both the
elastic deflection and the material pile-up
around the contacting indenter (Fig. 2).

This analysis procedure is crucial.
The predicted strength values would be
either overestimated or underestimated
significantly if this were not considered
in the analysis.

The contact depth at maximum in-
dentation load can be evaluated by an-
alyzing the unloading curve with the
concept of indenter geometry and
elastic deflection, as shown in Equa-
tion 1 in the accompanying equations
box.’

As shown in Fig. 1, h, is the inter-
cept indentation depth; the indenter
shape parameter (o) is 0.75 for the
spherical indenter.

For h, determination, initial unload-
ing stiffness (S) is shown in Fig 1 and
obtained with the simple power law re-
lation (Equation 2)f where K, m, and h;
are determined by a least squares fitting
procedure.

Then the initial unloading slope S is
found by differentiating this equation
and calculating the derivative at the
maximum load and depth. Compared
with linear regression analysis of each
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Typical results of each test show load-depth curves from indentation tests (Fig. 3, photo on left) and true stress-true strain curves converted from load-depth

curves (Fig. 3h, photo on right).

partial unloading curve,” this power law
fitting analysis has the advantages that it
can reduce creep sensitivity and meas-
ured stiffness variation according to
unloading portion analyzed.

The material pile-up around the in-
dentation enlarges the contact radius
from the analysis of elastic deflection.
The extent of this pile-up is deter-
mined by a constant (c) and the work-
hardening exponent (n) for steels in
Equation 3" " where “a” is the real
contact radius and a* is the contact ra-
dius without considering the pile-up

Technicians use AIS 2000 in the field (Fig. 4).
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around the indentation.

Using the geometrical relationship
of the spherical indenter, the real con-
tact radius is expressed in terms of in-
denter radius (R) and (h."), as in Equa-
tion 4.

The contact mean pressure (P_) is
then expressed as Equation 5.

An equivalent strain (€;) of indenta-
tion is evaluated from the material dis-
placement beneath the indenter, along
the axis of indentation, and is a func-
tion of the real contact radius “a” mul-
tiplied by a fitting constant & in Equa-
tion 6. The value of & was determined

as 0.1 for various steels.®®

In the case of metals including
structural steels, the elastic and elastic-
plastic deformation stages occurred at
very low indentation load. Therefore,
only the plastic-deformation region is
considered in this study. The equivalent
stress (o) can be evaluated using the
relationship with contact mean pressure
(Equation 7)%* where W is a constraint
factor for plastic deformation with an
upper limit of about 3 for fully plastic
deformation of steels.

The exact values of work-hardening
exponent, equivalent stress, and strain
are calculated by iteration methods.”’

From the analysis of each unloading
curve as shown in Fig. 3a, both equiva-
lent stress and strain values are deter-
mined.

The stress and strain relation is fitted
as the power-type Hollomon equation™
expressing work-hardening behavior, as
shown in Fig. 3b.

The fitted curve is extrapolated to
initial yield and ultimate tensile re-
gions. Then, yield strength can be pre-
dicted through the Hollomon equation
by extrapolating strain to the low-strain
regime. The ultimate tensile strength
was evaluated with the concept that
uniform elongation is equal to the
work-hardening exponent.*

Based on the fundamental under-
standing of the indentation-deforma-
tion process and the analysis procedure
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RESULTS OF UNIAXIAL TENSILE, ADVANCED INDENTATION TESTS

Average values obtained

Table1

Tensile Two Four -

Materials properties tensile tests indentation tests Difference, %
Al2012 YS (MPa) 258D 3325 0.3
i : UTS (MPa) 484.8 481.6 0.6
Work hardening index 0.137 0.140 25
$8400 - Y8 (MPa) 284.1 284.1 0.0
- UTS (MPa) 530.4 566.4 6.8
. Work hardening index 0.228 0.222 2.4
. scma vs (MPa) 684.1 6413 6.3
UTS (MPa) 971.6 923.0 5.0
Work hardening index 0.130 0,139 6.6

developed previously, prediction of the
yield strength for an unknown material
no longer relies on the parameters that
must be determined by tensile testing
of the same material,’ and the accuracy
of the prediction is significantly im-
proved as well.

Lab verification

To appraise the reliability and repro-
ducibility of the test results in this pro-
cedure, tests compared the tensile
properties obtained from the advanced
indentation tests with those from uni-
axial tensile tests.

The comparisons were made in a
blind test of three represen-

vides accurate tensile properties.

Commercial API 5L-X65 pipelines of
762 mm OD and 17.5 mm WT that are
generally used in Korea as natural gas
transmission pipelines were studied.

A portable (AIS-2000) was used for
yield and ultimate tensile-strength
Measurements.

The maximum capacity of the load
sensor of the system is 3,000 N (New-
ton). The maximum displacement of
the displacement sensor (a linear vari-
able differential transformer, LVDT) is 3
mm. The accuracy of each of the sen-
sors is 3 N and 0.2 pm, respectively.
The LVDT is installed next to the inden-
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0 020406081012 14186
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with a mechanical chain, were used to
firmly attach the system to the pipe.
Fig. 4 shows the AIS 2000 in use at an
in-service field location.

Considering microstructural varia-
tions in the pipe, three to four indenta-
tions were made and average tensile
properties obtained. The distance be-
tween indentation marks was 3 mm to

avoid the superposition of

tative metallic materials: TENS“_E PROPERTIES FROM ADVANCED s plastic deformation fields.
55400 steel (low-strength INDENTATION. UNIAXIAL TENSILE TESTS* To verify the accuracy of
steel), SCM4 steel (high- : the data obtained, material in
Tensile Uniaxial Advanced 5 )

strength steel), and Al-2012 Location properties tensile tast . indentafion tost the indented areas was re-
(nonferrous metal). - 7 = . moved and machined for uni-

While the tensile proper- UTS (MPa) 674 673 axial tensile tests, which were
ties of each material were Workhadeiliandae | e S performed in accordance with
measured twice with an In- B YS (MPa) 485 489 ASTM ES8."

S y 2 UTS (MPa) 654 656

stron 5582 uniaxial tensile Work hardening index ~ 0.163 0162 Table 2 shows the results

tester, (Instron Corp., Can-
ton, Mass.), the same target
properties were measured
four times with an Advanced Indenta-
tion System AIS-2000 (Frontics Inc.),
using the procedure described.

Fig. 3 illustrates the typical results of
each test, showing load-depth curves
from indentation tests (Fig. 3a) and
true stress-true strain curves converted
from load-depth curves (Fig. 3b). All
samples demonstrate good repeatability
of the true stress-true strain curves
from tensile tests.

The tensile properties measured by
indentation tests are compared with
those from uniaxial tensile tests (Table
1). The comparison shows the Ad-
vanced Indentation System testing pro-
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*Line pipe APl X-65.

ter. The 0.5-mm (diameter) spherical
WC indenter was an integrated part of
the WC stem, which eliminated brazing
of the WC indenter to the steel stem.

With this type of arrangement, the
accurate data of load and depth during
indentation can be obtained without
the error of system compliance from
the equipment.

Because unreliable attachment of the
system to the pipeline could result in
significant errors in load and displace-
ment measurements, a pair of cus-
tomer-made curved magnets, along

obtained from the advanced
indentation method and stan-
dard tensile test for two loca-
tions, A and B, along the pipeline. The
agreement between these two methods
was excellent.

Additional tests were performed on
two sections of pipeline made of Grade
B and X-52 steel. Again, agreement be-
tween the advanced indentation
method and tensile tests from mill cer-
tifications was excellent.” In-field ten-
sile property evaluations of API X-42,
X-60 pipelines in Mexico were per-
formed with an AIS 2000 system to
verify the reliability and repeatability of
the techniques developed.
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Application

The demand for accurate
assessments of structural in-
tegrity has increased in re-
cent decades as a result of
increasing interest in safe
and economical operation of
infrastructure. For crack-like
flaws, fracture mechanics-
based methodologies have
been developed for assess-
ment-!'\—‘,ﬂ

The failure-assessment di-
agram (FAD) is one of the
widely used methods and
has been adopted by such
industry standards as APl
579 and BS 7910:1999. The
FAD method combines the
brittle fracture and plastic
collapse for the assessment
in one diagram and provides

different assessment levels 1.4
based on the required con- 12
servatism and availability of -
material property. =5
Each FAD code'** has E o8
higher-level FADs that re- O ile
quire finite-element meth- a
ods (FEM) for J-integral v
0.2

analysis. In practice, howev-
er, they have rarely been 0
used in the field because of

the difficulty of assessing the

reliability of the FEM results.

Therefore, the material-
specific FAD, such as Level 2B of
BS7910, Level 3B of API 579, Option 2
of R6, and Level 3 of SINTAP " is de-
sirable because it is a less conservative
but cost-effective method in industrial
practice if the required material proper-
ty information becomes available.

Fig. 5 is a typical material-specific
FAD used in current codes for fitness
for service (FFS) assessment of crack-
like flaws. L, and K, are the respective
ratios of load and fracture toughness in
Equations 8 and 9 where o, 0, K,
and K, are reference stress, applied
stress, stress intensity factor, and mater-
ial’s fracture toughness, respectively.

The criterion line of material-specif-
ic FAD, i.e. the failure-assessment curve
(FAC), is given by Equation 10 where:
€. = the reference strain defined as
the true strain corresponding to a refer-
ence stress. In Equation 10, oy and E
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the material near the crack-
like flaw, are critical input pa-
rameters in assessing fitness-
for-service according to cur-
rent FAD codes. In most cas-
es, however, these values are
not available.

If the tensile properties of
the material near the crack
can be measured nondestruc-
tively in the field and used as
input data for FAD construc-
tion, the assessment results
can be more accurate than
those using mill sheet data or
specified minimum yield
strength (SMYS).

The advanced indentation
technique provides an effec-
tive tool to support the mate-
rial-specific based FAD assess-
ment of crack-like flaws in

Fig. &

Fig.7

Unacceptable

the pipeline, not only for the
base material but also for
weld and heat-affected zones.

An example illustrates the
effectiveness of the developed
approach.

Fig. 6 is a schematic of a
section of the pipe (762 mm
OD x 17.5 mm WT) and a
virtual circuamferential crack

0.6
Load (Lr)

0 0.3

are the yield strength and elastic modu-
lus, respectively.

Cracks with their (K, L) values in-
side FAC are acceptable. Cracks with
their (K, L,) values outside FAC are un-
acceptable and become critical if their
(K, L,) values equal to those predicted
by Equation 10.

To determine the FAC curve and the
L, and K, values of cracks, material
properties such as yield strength and
fracture toughness (Equations 8 and 9)
are required. Additionally, the ultimate
tensile stress is also required to define
L, e the limit value of plastic collapse,
with Equation 11, where oy, and oy
are flow stress and ultimate tensile
stress, respectively.

Therefore, the tensile properties, in-
cluding true stress-true strain curve,
yield, and ultimate tensile strength of

(a fixed length of 600 mm
with varied depth). Only an
internal pressure of 10 MPa is
assumed.

To construct a material specific FAD
(API 579 Level 3B), all mechanical
properties required were determined
with AIS-2000, except the fracture
toughness value (which cannot be de-
termined using the indentation
method) that was determined from the
previously research on the same mate-
rial.

Fig. 7 shows the constructed FAD
and the assessment result for three dif-
ferent depths of cracks (the length of
the crack is the same, i.e., 600 mm
long). The FAD suggests that cracks
with depths of 10 and 12 mm are ac-
ceptable, while the crack with its depth
of 14 mm is unacceptable. The critical
flaw size is between 12 and 14 mm.

More details of the material specific
FAD approach using the advanced in-
dentation technique is discussed else-
where.® 4
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