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Abstract: In order to assess the integrity of welded structures, it is important to accurately know the
material characteristics of the weld regions. A weldment is heterogeneous i.e., strength properties
vary at different locations within the weld. This influences the behavior of the structure when it is
subjected to loading. Hence, the evaluation of material properties within the weld region plays a
pivotal role in structural integrity assessment. Traditionally, tensile tests provide constitutive
properties like tensile strength and yield strength along with stress (o)—strain (¢) curves.
Alternatively, hardness indentations are also used to procure strength properties of a material.
Several transfer functions have been formulated to convert hardness values to strength properties.
The validity of these transfer functions with the presence of strength variations is questionable, as
these relations do not consider the aspect of heterogeneity. Accordingly, in this research, a
heterogeneous weld was considered to assess the relation between Vickers hardness (HV5) and
strength properties. Two tensile test configurations were considered — All Weld Metal Tensile Tests
(AWMTT) and Micro Tensile Tests (MTT). While AWMTT provides average weld stress-strain
properties, MTT provide local properties. These results help to validate the hardness transfer
functions and thus calibrate them appropriately. Hardness maps were obtained on polished weld
macrographs. The material properties obtained from three methods were compared and significant
variations were observed. Based on these differences, an experimentally calibrated transfer function
is implemented. With this relation, it is possible to predict weld behavior more accurately and
appropriately using hardness maps and tensile tests.
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1. Introduction

Evaluating heterogeneity within welds has been an important part in assessing the integrity of
a welded structure. Local variations of stress-strain behavior lead to scattered defect tolerance
predictions [1]. Hence, it is important to comprehend weld heterogeneity and quantify the variations.
In order to achieve that, researchers have utilized different methods like hardness indentations and
micro tensile tests [2-4]. However, micro tensile tests are cumbersome to adopt. Vickers hardness
mapping performed on a section of a weld is comparatively effortless (e.g., using automated devices)
and standards [5,6] provide ‘transfer functions’ to convert hardness values to strength properties like
ultimate tensile strength (Rw), yield strength (Rpo2) and strain hardening exponent (n). Standards ISO
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18265 [6] relates Vickers macro hardness (HV5, in this study) to Rw and ISO 15653 [5] relates HV5 to
Rmand Rpo2. These hardness transfer functions have been developed based on averages of generic
property databases. Moreover, they do not particularly consider the effect of strength heterogeneity
which is different for each weld. Hence, the question arises about the robustness of the available
standard transfer functions and their sound applicability at all locations within welds.

Transfer functions of the abovementioned standards have been analyzed by Naib et al. [7] using
Finite Element (FE) simulations and used to predict the load-displacement output of fracture
toughness experiments. High errors were observed between experiments and simulations using the
standard transfer functions (up to 20% error in load). An experimental calibration procedure was
developed to obtain material specific transfer functions, producing average simulation errors on load
of less than 5%. The transfer function Equations are given below.

HV

Tensile strength, R,, = R
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Here Rpy,cawmrry and Ryo2awmrr) are ultimate tensile and yield strength obtained from All Weld
Metal Tensile Test (AWMTT) and are curve fitted using least squares method [8] and HV,yyrr is the
average hardness in the circular cross section of the AWMTT sample.

To directly validate the soundness of the obtained transfer functions within heterogeneous
welds, local strength properties have been obtained by Micro Tensile Tests (MTT). The material
properties obtained from MTT tests have been compared with properties predicted by hardness
transfer functions. In this paper, the Equations (1) and (2) along with standardized Equations are
assessed for their capability in predicting MTT results. The paper is structured as follows. The
considered weld material is introduced in Section 2, the testing procedures for All Weld Metal Tensile
Tests and Micro Tensile Testing are described in Section 3, Section 4 describes and discusses the
results and Section 5 concludes.

2. Material

A welded (X bevel) S690 steel plate was utilized in this study. This weld had a strength
overmatching (OM) and undermatching (UM) region by applying different filler metals at either
sides of the plate. The weld is illustrated in Figure 1a.

Over
Matching (OM)
" Under
nm Matching (UM)
180> <400

(@) (b)

Figure 1. (a) weld section extracted from S690 test plate and (b) hardness (HV5) contour plot obtained
from sample shown in (a) with approximately 1000 indents.

Vickers hardness (HV5) mapping [9] was performed to assess hardness variations across the
weld. ~1000 indents were induced on the surface with 50 N (5 kgf) load and these HV5 values were
collected on a 2D contour plot showing hardness variations (Figure 1b). 50% and more difference in
hardness is observed between the OM and UM region. This gives an idea about the significant
heterogeneity present in the weld joint. Also notable (but outside the scope of this paper) are high
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peak hardness values in the heat affected zones. This weld was sectioned for AWMTT and Micro
Tensile Testing (MTT) testing.

3. Testing Procedure
The process followed in this research is listed below:

-  Two AWMIT specimens were extracted in the OM and UM region. Hence,
Rcawmrry and Rpozcawmrry Were obtained for both weld regions. From the hardness map shown
in Figure 1b, the average hardness values were gathered in the circular region representing the
cross section of the AWMTT specimens were extracted (see Figure 2) (HV,yyyrr is obtained).

- 16 MTT specimens were tested (8 OM and 8 UM specimens) and Rpo2(MTT) and Ru(MTT) were
correspondingly obtained for each specimen. The specimen ends were further subjected to
hardness indentations to obtain HV5 values Out of 8 specimens in each configuration, first four
were selected starting from cap of the weld and the other four were chosen starting at a distance
of 8 mm. These specimens were chosen in accordance with the location of the extraction of
AWMTT specimen approximately.

Detailed explanations of the AWMTT and MTT test procedures are given in Section 3.1 and 3.2.

3.1. All Weld Metal Tensile Tests

Round bar AWMTT specimens of 5 mm gauge diameter were extracted from each weld region
mentioned in Section 3.1. These specimens were subjected to tensile testing to obtain average stress-
strain properties within the sampled weld region. Hardness transfer functions (1) and (2) were
calibrated on the basis of the yield and ultimate tensile strength values, and average hardness values
HVawwurr in circular regions selected in the hardness map of a weld macrograph. The AWMTT
specimens were extracted near the location of hardness macrographs to minimize effects of
heterogeneity in the welding direction (which is neglected in this study) on the AWMTT based
transfer functions. Figure 2 shows the location of extraction of AWMTT. The tests were performed in
accordance with ASTM E8/E8M-11 [9].

2mm

10mm
2mm

Figure 2. The AWMTT specimens were extracted at a 2mm distance from the plate surfaces in the OM
and UM regions. They were extracted such that the entire cross section lies within the weld without
intersecting the HAZ or the interface between OM and UM weld metal.

3.2. Micro Tensile Tests

MTT specimens were extracted from the weld by means of electrical discharge machining
(EDM). This technique is suitable as no mechanical forces are applied to the vulnerable specimens.
Dog bone shaped blocks were taken out in the welding direction, and were divided into 0.7-mm-
thick slices (Figure 3) [4]. These were then ground on both sides to a thickness of 0.5 mm, thus
removing the brittle heat-affected zone associated with the EDM. One block was entirely located in
the weld and oriented in the through-thickness direction, whereas other blocks sampled base metal,
HAZ and weld metals at the OM and UM sides. Results of 16 specimens in the OM and UM weld
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regions (8 from each region) of the latter blocks are discussed in this paper. The dog bone geometry
has a nominal cross-sectional area of 1 mm? and was adopted from [10].

Figure 3. Extraction and dimensions of micro tensile specimens.

Digital image correlation was used to measure full-field displacements within the MTT, out of
which the strain was calculated. The specimens were painted white, followed by applying black
speckles which were then monitored by cameras which captures images throughout the test [4].
These images are then post processed using devoted software (ARAMIS) for DIC analysis.

4. Results and Discussions

In this section, the strength properties i.e., yield strength (Ry2) and tensile strength (Rw) values
obtained from AWMTT and MTT specimens, along with Vickers hardness maps, are utilized to
validate the Equations (1) and (2). Using the values obtained from the above tests, plots were created
comparing MTT results against corresponding HV values. The data points are then compared against
different HV transfer functions (Figures 4 and 5). The Equations derived from ISO 18265 (linear
regression of tabulated data) and directly provided by ISO 15653, along with Equations (1) and (2),
are plotted. Notably, ISO 18265 provides a transfer function for Rw only, whereas ISO 15653
additionally informs how to calculate Ry02 from HV. Along with these lines, strength properties (Rpo
and Rw) acquired from MTT tests are plotted against hardness values from the same samples as
MTT(OM) and MTT(UM).

The following can be observed from Figures 4 and 5.

e  The hardness and strength values of the MTT specimens confirm the very strong differences in
properties between the UM and OM weld regions.

e  Equations (1) and (2) predict lower values of R» when compared with the standard Equations as
seen in Figure 4. For instance, the ultimate tensile strength predicted from the AWMTT data of
the undermatching region is ~5% lower than that given by ISO 18265. In Figure 5, a similar
deviation is observed for yield stress.

e  AWMIT analysis of the UM and OM regions yields an updated hardness transfer functions.
This highlights the material-specific character of the relation between hardness and strength
properties, and confirms that the generic nature of standardized HV transfer functions may
invoke errors.

e  Focusing on Rz (Figure 5), the differences between different transfer functions are subtle
compared to the scatter in data points obtained from the MTT test data. This relates to the
knowledge that HV is theoretically stronger related to Rw [11]. The scatter in the Ry dataset
results from local variations in strain hardening behavior (which are not captured by the transfer
functions). In contrast, experimental scatter is limited for Rw and, there, the AWMTT based
transfer function appears to better represent the average of the MTT datasets. Notwithstanding
the higher scatter for the Ry2 plot, the corresponding HV transfer functions manage to capture
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the general trend and to quantify the large differences between the yield strengths of UM and
OM weld metal.

e  Averaging all specimens and configurations, the differences obtained between AWMTT based
calibrated transfer functions and MTT results are 3.2% for Rmand 5.2% for Rpoz. This is less than
the deviations when using standard transfer functions which show average differences of ~11%
for Rm (ISO 18265); and ~7% for Rm and ~18% for Rpo2 (ISO 15653).
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Figure 4. Hardness values (HV5) against tensile strength (Rw) from different transfer functions and
experimental data.
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Figure 5. Hardness values (HV5) against yield strength (Ry2) from different transfer functions and
experimental data.

With these observations, it turns out that experimentally calibrated transfer functions (based on
HV mapping and a simple standard AWMTT test) agree with actual HV-strength relations obtained
from (more challenging) micro tensile tests. Moreover, a similar agreement is not observed when
using generic, standardized hardness transfer functions.

5. Conclusions

In this research, experimentally calibrated hardness transfer functions were used to obtain yield
strength (Rp02) and tensile strength (Rw). The calibration procedure is straightforward and based on a
Vickers hardness map and a standard all-weld metal tensile test. These transfer functions were
compared with standardized relations, and their outcomes were validated against local hardness and
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strength data obtained from micro tensile test specimens. The examinations were performed on a
highly heterogeneous weld, consisting of a strength overmatching and strength undermatching
region (with respect to the base metal properties).

The results show that the generic nature of standardized transfer functions does not represent
the material specific nature of HV-strength relationships, whereas subtle differences between
materials can be captured by the experimentally calibrated transfer functions. Using these transfer
functions can provide a better estimation of weld strength properties which allows for more accurate
estimations of structural behavior (as illustrated in previous work of the authors, see reference [7]).
Therefore, we advise the AWMTT based procedure as a pragmatic alternative to adopting
standardized, generic transfer functions.
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