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Executive Summary

The objective of this project was to determine the design equivalency between purchased
commercial, off the shelf (“COTS”) High Frequency Resistance Welded (HFRW) standard
shape square tube to COTS plate fabricated gas metal arc welded (GMAW) square tube in
terms of physical strength and fabrication costs. To determine design equivalency, static and
fatigue mechanical tests were performed. The HFRW tubes performed better than the GMAW
tubes in four-point bend fatigue testing, which showed at least a two-fold increase in fatigue life.
Since the base materials used had similar yield strengths, this would indicate that the tube
design and fabrication method have an impact on fatigue life. The weld strength in both tube
designs was adequate. However, the Charpy V-notch (CVN) toughness of the HFRW weld was
not as good as expected, as the HFRW tube had not been tempered. Post-weld tempering will
increase the toughness of the HFRW weld and produce acceptable CVN results; the necessary
post-weld tempering parameters can be determined in future research. Overall, this study
shows the use of HFRW tubes could be pursued to achieve a significant cost savings per foot,
at least a two-fold increase in four-point bend fatigue performance, and structural weight
reduction. The return on investment is estimated to be 1.86 for current construction and 0.71 for
future construction.



CVN

DT
GMAW
HFRW
HSS
HSLA
HY
NAVSEA
NDT
NRE
NSWCCD
TWH
UTS

Abbreviated Terms

Charpy V-notch

destructive testing

gas metal arc welding

high frequency resistance welding
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1.0 Introduction

In the early 1980s, NAVSEA approved Ingalls and Bath Iron Works to use HSLA-80 t-stiffeners
designed for HFRW and installed them on the CG-47 guided missile cruisers (Aegis Class). CG-
47 cruisers are still in service and there have been no reported failures of the HFRW t-stiffeners
in their 30+ years of service. After all ship sets were provided for the Aegis Class, the HFRW t-
stiffener supplier went out of business and the Navy did not establish another supplier.
Therefore, some level of re-qualification is heeded to enable use of HFRW HY-80 shapes on
existing or planned ship platforms.

Electric Boat is investigating alternatives for HY-80 fabricated shapes. While HFRW hollow
structural shapes (“tube”) in HSS steel grades per ASTM A-500 are approved for submarine use
the high-strength low alloy steel grades (HSLA-80 /HY-80) are not. Electric Boat is interested in
using HY-80 HFRW tube as it is believed to be equivalent in strength to the GMAW fabricated
HY-80 tube currently used in submarine and surface ship construction.

An industry search identified Thermatool as a leader in HFRW technology and Electric Boat has
discussed opportunities with Thermatool to incorporate HFRW structural shapes. HFRW
standard tube shapes are manufactured differently than GMAW fabricated tube. GMAW
fabricated square tube manually fits two “L” shaped manually formed plates to two backing bars
see Figure 1. HFRW shape is formed by a mechanized roller conveyor which continuously
feeds sequentially formed plate into the HFRW welder, see Figure 2. This process eliminates all
manual forming and fitting and produces a dimensionally accurate and consistent product. By
replacing fabricated HY-80 tube with purchased HFRW standard shapes, Electric Boat will
realize a significant reduction in piece part counts, direct / support labor, construction span,
decreased welding shrinkage and distortion (improved dimensional consistency), and improved
fatigue life

N

A

Figure 1. Tube Designed for GMAW



Figure 2. Tube Designed for HFRW

Electric Boat is currently engaged in several cost reduction initiatives to implement the use of
HFRW structural shapes in current and future ship designs: Fast Fit, Design for Affordability and
Structural Process Improvement.

This project will demonstrate equivalency between a purchased HY-80 HFRW tube versus the
corresponding baseline fabricated GMAW tube in terms of physical strength and will compare
fabrication costs. Project results will be used by Electric Boat to leverage/supplement the above
ongoing.

Moving from HSLA/HY grade tube designed for GMAW to HSLA/HY HFRW tube supports the
call for improved quality in ship design, construction, and repair through continuous
improvement of advanced technologies and processes.

2.0 Objectives

The goal of this project was to demonstrate equivalency between a purchased HFRW tube
design versus the corresponding baseline fabricated GMAW tube design in terms of physical
strength and to compare fabrication costs.

Specific objectives for this project include:
e Demonstrate and compare static strength.
e Demonstrate and compare fatigue strength.
o Compare purchased tube cost to estimated GMAW fabrication costs.

Project results will be used by Electric Boat to leverage/supplement ongoing efforts to
implement HY-80 HFRW tube into their designs.



3.0 Experimental Procedure

3.1 Material Selection

The original plan was to test tubes made from HY-80 or HSLA-80 material. Thermatool provided
the team with a quote for HSLA-80 or HY-80 HFRW tube that would require purchasing a mill
run of material for $420K. Thermatool then provided a quote to provide 13 HSLA-80 or HY-80
HFRW tubes for $73K. As both options were prohibitively expensive, EWI asked Thermatool to
find another solution. After 10 months of extensive search for materials, Thermatool found 10
tubes made from similar material (CSA G40 20-13/G40 21-13 Grade 480WT) for $14K.

Table 1 contains the chemical composition requirements of HSLA-80 per MIL-S-24645
(excerpts of which are in Appendix A), CSA G40 20-13/G40 21-13 Grade WT480 (excerpts of
which are in Appendix B), and ASTM A656 Grade 80 (excerpts of which are in Appendix C).
The Grade 480WT is a Canadian high toughness weldable steel that is low in Ni, Cr, Mo, V, and
Cu.



Table 1. Material Compositions

HSLA-80 per MIL- Grade 480WT per CSA G40 20- ASTM A656
S-24645 13/G40 21-13 Grade 80
Element Ship Material HFRW Tube Material ElAY Tz
Material
Weight % Weight % Weight %
Carbon 0.06 0.07 0.18
Manganese 0.40-0.70 1.41 1.65
Phosphorus 0.020 0.011 0.025
Sulfur 0.006 0.002 0.030
Silicon 0.40 0.13 0.60
Nickel 0.70-1.00 0.012
Chromium 0.60-0.90 0.037
Molybdenum 0.15-0.25 0.002
Copper 1.00-1.30 0.11
Niobium? 0.02-0.06 0.15° 0.008-0.10
Vanadium 0.08-0.15
Titanium 0-0.15
Aluminum 0.033

The revised plan was to weld GMAW tubes from the same CSA Grade 480WT material used for
the HFRW tubes. After an extensive effort to procure a similar CSA grade of material for the
GMAW tubes, only one similar material (ASTM A656 Grade 80) was obtainable during the
project’s period of performance. ASTM A656 Grade 80 plate was obtained for GMAW
specimens.

There was a concern the CSA Grade 408WT material (available for testing) is not age
hardenable. Naval Surface Warfare Center - Carderock Division (NSWCCD) concurred with
using CSA Grade 408WT as long as HFRW and GMAW specimens were fabricated with the
same material type and subjected to fatigue and other mechanical testing to obtain an apples-
to-apples comparison. Since only similar materials could be procured, mechanical tests were
requested for all base materials and all welded materials evaluated during this study.

1 Actual chemistry from the mill certification.

2 Niobium and Columbium (Cb) are different names the same element in the periodic table. Cb is used
the MIL and ASTM specifications used in this report

3 See Table 3, Footnote (c) in CSA G40.20-13/G40.21-13 (see Appendix B).
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As no precipitation or age hardenable steels were available for purchase, fine-grained weldable
steels that were available were used. These steels were rated for low temperature toughness
but were not capable of producing any appreciable toughness at the -120°F Navy
temperature.’) The A656 Grade 80 and the CSA Grade 480WT did reportedly have toughness
in the -60°F regime and with special treatments could show moderate toughness below -80°F.?
Reviewing papers such as Smith et al.,®® a test temperature of -60°F was selected as the steels
would have incoming toughness that could be impacted by the welding procedure. Although the
project was not focused on welding toughness for the materials/process combination, the
opportunity to learn how these steels might fair at moderate temperatures was used to assess
the HFERW process.

3.2 Mechanical Testing
Limited mechanical testing was conducted to establish the relative performance of the HFRW

tube design versus the GMAW tube design. EWI conducted the fatigue testing and the
mechanical testing listed in Table 2.

Table 2. Mechanical Testing
. Test Coupon
Mechanical Test Weld Type Quantity

. GMAW 3

Fatigue
HFRW 3
GMAW 6

Charpy
HFRW 6
Metall n GMAW 2
etallography HERW >
GMAW 3
Root Bends HERW 3
GMAW 3
Face Bends HERW 3
Transverse Tensiles GMAW 3
HFRW 3
Transverse Tensiles GMAW 3
(base metal only) HFRW 3
Charpy GMAW 6
(base metal only) HFRW 6




3.2.1 Static Testing

The fatigue tests listed in Table 2 were conducted with HFRW tube and GMAW tube designs.
The other mechanical tests in Table 2 were conducted with test coupons cut from GMAW
welded specimens and HFRW tube.

Since shipyard materials were not used, there were no required NAVSEA acceptance criteria for
nondestructive testing (NDT) or destructive testing (DT) that could be used to compare weld
performance. To compare the performance of the base materials, the GMAW welds, and the
HFRW welds, the team selected acceptance criteria for the base materials where possible (if
extant). Where no base material property data existed, Tech Pub 248 NDT or DT requirements
were used.

Per Tech Pub 248 (Table VII, Footnote 2(a)), Charpy testing is required for “...1/2 inch and over
in material thickness when both the base metal specification and the filler metal specification
have impact requirements”. Since ASTM A656 base material does not require Charpy impact
testing and the CSA Grade 480WT material was tested to temperatures outside the required
temperatures, the impact testing was performed to generate data points for comparison only.
The materials used here would not likely meet any NAVSEA requirements despite being called
low-temperature toughness material.

Per Tech Pub 248 requirements and AWS B4.0 testing procedures, acceptance criteria for the
Charpy tests, root bends, face bends, and transverse tensile tests are listed below. There were
no required NAVSEA acceptance criteria. The criteria below were selected as a “yard stick”
against which to compare material/weld performance.

CVN acceptance criteria:

e CSA G40 20-13/G40 21-13 Grade 480WT = 20 ft-Ibs. at -20°F
e ASTM A656 Grade 80 = no requirements per the specification

Bend testing acceptance criteria is based on welding filler metal type:

e CSA G40 20-13/G40 21-13 Grade 480WT = 22% minimum elongation
ASTM A656 Grade 80 = 22% minimum elongation
e Equation in AWS B4.0 used to calculate bend radius.

Transverse tensile testing acceptance criteria - ultimate tensile strength (UTS):

e CSA G40 20-13/G40 21-13 Grade 480WT = 85 ksi UTS minimum
e ASTM A656 Grade 80 = 90 ksi UTS minimum, with 15% elongation over 2 in.



3.3 Fatigue Testing

Fatigue testing was conducted to compare the bending fatigue life of HFRW versus GMAW tube
designs. This is a simple test to compare the actual geometric effect of the tubes in bending.
Given the fact that this program will not be used to support certification, NSWCCD
recommended that EWI use its engineering judgement to design the fatigue tests run in this
project.

Based on this direction, EWI decided to conduct a four-point bend test in fatigue, with a stress
range that theoretically would cause a failure between 50,000 cycles and 2,000,000 cycles in
both structure designs. EWI bound the run out based on prior/similar work found in the literature
for comparison purposes (e.g., fatigue design curves of similar joint categories in D1.1 or
Eurocode 3: BS EN 1993-1-9, or something similar, to select a run out).

The two designs are slightly different in that the HFRW-welded sample was symmetrical about
both the horizontal and longitudinal planar axes, whereas the GMAW-welded tube was
symmetric about one diagonal planar axis due to the opposing reinforcements. The backing bar
reinforcements were not included in the calculations for testing stress, as there is no significant
benefit from their addition.

Testing was conducted at a load to place the outer fibers of the tube in 35,000 PSI tensile stress
with an R of +1 (see explanation below for stress justification). The testing was stopped based
on sensing an increased amount of deflection with a consistent load application. This increased
deflection acted as the crack detection system. This approach is used in many tests as it allows
the machine to make an objective comparison of tubes or other structures tested in fatigue. The
increased deflection in this case indicated that a crack had grown to the point of impacting the
integrity of the tube in bending. Cracking that was visible could occur without detection, but
without significantly affecting the stiffness of the tube.

The appropriate joint class was selected for the HFRW and GMAW joints and a load selected
that would guarantee a failure in less than 2,000,000 cycles. The HFRW tube best fits into a
Class B joint design and the GMAW tube best fits into a Class D joint per British Standard BS
7608/1993. The corresponding average fatigue life for 2,000,000 cycle life of each of the joints
in the prescribed time was estimated at 15 KSI for the GMAW tube and 30 KSI for the HFRW
tube at run-out load per BS 7608/1993 page 100 showing the S-N curves for the different
corresponding designs in Figure 3 below. The load was therefore increased to 35 KSI to ensure
failures.
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Figure 3. S-N Curves for Different Weld Joint Classes in Welded Tubing

3.4 Test Specimen Production

The team determined the size, shape, and quantity of fatigue and static test specimens to be
produced for the testing. Electric Boat produced GMAW specimens (the baseline) and
Thermatool provided HFRW specimens.

3.4.1 Test Specimens
3.4.1.1 GMAW Process Specimens (baseline)

Based on current production data, Electric Boat identified a GMAW fabricated tube design to
use as the baseline (Figure 4). The GMAW tube is 7x7 in. with a wall thickness of 0.38 in.
(these are the same dimensions as the selected HFRW tube). GMAW tubes were welded using
current Electric Boat practices. The GMAW tubes were produced from ASTM A656 Grade 80

material.
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Figure 4. Baseline GMAW Tube Design

GMAW tubes are made from cut and beveled plate press formed into two L-shaped sections.
The “L” shaped plates are then fit to two backing bars which run the length of the tube;
assembly of these four piece parts forms the tube shape. Fitting requires much measurement,
requires highly skilled trades and is labor intensive. The piece parts are tack welded together
after fit-up but before final welding. However, the dimensional variability of fabricated GMAW
tube is much greater than HSS tube made by HFRW. The dimensional variability in the shape
makes does not adequately support mechanized welding processes and makes for a poor
candidate for robotic / automated welding. The multiple welds required to complete fabrication of
the tube create geometric variability caused by welding shrinkage and distortion which affects
installation of the tube and / parts joined to the tube in downstream construction.

As shown in Figure 4, the welds in a GMAW tube design are in two opposing corners. This
configuration does not lend itself to producing Charpy, bend, or tensile test coupons. To make
the required Charpy, bend, and tensile test coupons, Electric Boat GMAW welded ASTM A656
Grade 80 plates with a B1V.5 single bevel groove weld (Figure 5) as defined by MIL-STD-22D.
Figure 6 contains a photo of the 0.38-in. thick plates prepared for welding. The long plate was
prepared with a 45-degree included angle single bevel; the rolling direction was parallel with the
length of the plate. The small plates were prepared with a square butt weld and the rolling
direction is shown with white arrows. The small plates were welded to the long plate with a 0.25-
in. wide gap (weld location shown as a red line). The small plates were not welded to each
other.
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Figure 5. B1V.5 Weld Joint for GMAW Mechanical Test Weld Specimen

Figure 6. GMAW Mechanical Test Specimen Prepared for Welding

3.4.1.2 HRFW Process Specimens

For testing, Thermatool identified a HFRW tube made from CSA Grade 480WT. Tube
dimensions were 7x7 in. with a wall thickness of 0.38 in. Photos of an as welded HFRW tube is
shown in Figure 7. Since the HFRW weld is in the middle of the tube side wall, Charpy, bend,
and tensile test coupons were easily extracted from an as-welded tube section.

10
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Figure 7. As-welded HFRW Tube Specimen

The HFRW process is a high production rate process that produces a solid-state weld down the
axial length of tubing in a consistent manner. The process is set up at the end of a roll forming
line and welded tube is produced in a continuous fashion from coil end to coil end. The HFRW
lines runs at a comparatively high rate of speed and a large volume of tubing can be produced
in a very short period. The labor content in this process is very low compared to other traditional
arc welding processes. As the process is solid state, the machine controls the process taking
properly slit flat sheet, rolling it into the correct geometry, producing a weld to form a tube, and
shearing the weld flash from the outer diameter of the tube. This process creates a tube that is
uniform from the start of the coil to the end.

The reduced labor content in the tube, speed, and elimination of multiple forming steps
significantly reduces the cost of the HFRW tubing. It is likely, however, that the biggest cost
savings is due to the consistent tube size. As the tubing is produced in a roll forming mill, the
forming is consistent from the start of the coil until the end of the coil. This consistency allows
the tubes to be installed with significantly reduced fit-up labor currently required to account for
the variability of size and welding distortion present in GMAW tube designs.

3.5 Conduct Business Case Analysis

A limited business case analysis was conducted to establish the relative costs for both
purchased HY-80 tube and fabricated HY-80 tube. Electric Boat conducted the business case
analysis and documented the differences in fabrication processing time, process steps (e.g.,
set-up time, the equivalent of arc on time, production rate, processing steps, etc.) and cost.

3.6 NAVSEA Stakeholder Feedback

The project team liaised with Matt Sinfield of NSWCCD who represented the interests of the
Welding Technical Warrant Holder (TWH) Joe Blackburn and Structural TWH Jim Gardner. The

11



project team also liaised with former NAVSEA TWH (Allen Manuel) who approved the previous
use of HFRW t-stiffeners on the Aegis Class cruisers. NAVSEA input is incorporated throughout
the report and in the recommendations.

4.0 Results and Discussion

4.1 Fatigue Testing
4.1.1 GMAW Tube Design — Fatigue Test Results

The fatigue test results for GMAW tube design are shown in Table 3.

Table 3. GMAW Tube Designh — Fatigue Test Results

Applied Loading (Ibs ' '
Sample _ pp o g (Ibs) Fatigue Life e
Number | Maximum | Minimum | Range (cycles)

Arc-#1 133818.410 | 13381.8 | 120436.6 122,004 Corners failed at the roller site
Arc-#2 133818.889 | 13381.9 | 120437.0 203,628 Corners failed at the roller site
Arc-#3 133818.889 | 13381.9 | 120437.0 96,683 Corners failed at the roller site

4.1.2 HFRW Tube Design - Fatigue Test Results

The fatigue test results for HFRW tube design are shown in Table 4.

Table 4. HFRW Tube Design — Fatigue Test Results

Applied Loading (Ibs i i
Sample A i (Ibs) Fatigue Life e
Number | Maximum | Minimum | Range (cycles)

HFW-#C3 | 133818.889 | 13381.9 | 120437.0 206,096 Corners failed at the roller site

HFW-#C2 | 133818.889 | 13381.9 | 120437.0 412,473 Corners failed at the roller site

HFW-#B4 | 133818.889 | 13381.9 |120437.0 | 328,113 ComerSfa"ggtfgr;he roller site

4.1.3 Fatigue Test Results Comparison

The fatigue tests of the HFRW tubes lasted longer than the fatigue tests of the GMAW-welded
tubes. The GMAW tubes lasted an average of 140,772 cycles to failure. The HFRW tubes
lasted an average of 315,561 cycles to failure. This is a factor of two increase in the life of the
HFRW tube reflecting the design differences between the two geometries. As the steels had
very similar yield strengths, this suggests that the design of the tube is the source of the
difference in fatigue performance. This conclusion is further supported as the failure locations
were not at the weld joints but were influenced by the design of the GMAW tubes.
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The GMAW tube design appears to create a structure that relies on one side of the tube to
accommodate the tensile strain in loading. Subsequently, tube rotation occurred, and the
rotation is significant enough to cause permanent deformation of the tube shown in Figure 8

(indicated by red triangle next to square edge). Figure 9 shows that the HFRW tube still retains
the initial tube symmetry after fatigue testing.

Figure 8. Residual Asymmetry in the GMAW Tube Deformation after Fatigue Testing
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Figure 9. Symmetry in the HFRW Tube Deformation after Fatigue Testing

Cracking occurred on one side of the GMAW tube in the area of the 90-degree bend as shown
in Figure 10 (top view). A close-up side view of this cracking and deformation is shown in
Figure 11. Cracking occurred on two sides of the HFRW tube as shown in Figure 12. A close-up
side view of this cracking and deformation is shown in Figure 13.

14



Figure 10.

Large Failure Site Cracking in GMAW Tube

Figure 11.

Up Close Side View of Cracking in GMAW Tube
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Figure 12. Cracking in HFRW Tube Showing Uniform Cracks in Two Corners

Figure 13. Up Close Side View of Cracking in HFRW Tube

4.2 Static Test Results
Static testing (CVN, bend, and tensile) was conducted as a method to produce data that could

be used to compare the GMAW welds, HFRW welds, and the base materials used to fabricate
the tubes.
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4.2.1 Base Materials — Static Test Results

The base materials differed slightly for the GMAW and HFRW tubes, so testing was conducted
to compare material performance. The tensile test results for the GMAW and HFTW tubes are
shown in Table 5 and Table 6, respectively. The graphical representation of the tensile data for
the GMAW and HRFW base materials are in Figure 14 and Figure 15, respectively. The
minimum required UTS is shown with a black line in both figures.

Table 5. Tensile Test Results for the GMAW Base Materials
: 0.2% .
Specimen ID Te”S"? UT‘.S Yield Stress SR
Orientation (psi) (Dsi) (%)
17149-4-T1 Transverse 99,300 79,500 28.6
17149-4-T2 Transverse 94,200 80,700 14.8
17149-4-T3 Transverse 97,600 81,600 11.1
Table 6. Tensile Test Results for the HFRW Base Materials
: 0.2% .
Specimen ID Te”S"? UT.S Yield Stress ST
Orientation (psi) (Dsi) (%)
17149-3-T1 Transverse 86,000 69,700 36.4
17149-3-T2 Transverse 85,600 67,800 38.7
17149-3-T3 Transverse 85,100 69,800 39.2
GMAW Base Material Tensiles
105
_ 100 993
L-l-:“'l..
I
5 95
=
=
g a0
%
13
80
Base #1 Base #2 Base #3
Figure 14. Tensile Test Graph for GMAW Base Material

17



HFRW Base Material Tensiles

105
— 100
-
=
T
',5 g5
=
=
2 90
=
9 86.0
= 85.6 85.1
- - - -
a0
Base #1 Base B2 Base #3

Figure 15. Tensile Test Graph for HFRW Base Material

At 30°F and -60°F, the CVN test results for the GMAW and HFTW tubes are shown in Table
7and Table 8, respectively. The graphical representation of the CVN data for the GMAW and
HRFW base materials are in Figure 16 and Figure 17, respectively. There were no minimum
CVN requirements. This data was obtained for comparison purposes only.

Table 7. CVN Test Results for GMAW Base Material
Test Absorbed
Specimen ID LoN((:);?ign Temp. Energy

(°F) (ft-1bs)
17149-4-C1 Base 30 89
17149-4-C2 Base 30 105
17149-4-C3 Base 30 110
17149-4-C4 Base -60 9
17149-4-C5 Base -60 8
17149-4-C6 Base -60 8

Table 8. CVN Test Results for HFRW Base Material
Test Absorbed
Specimen ID Lgl(?atltcign Temp. Energy

(°F) (ft-1bs)
17149-3-C1 Base 30 53
17149-3-C2 Base 30 58
17149-3-C3 Base 30 52
17149-3-C4 Base -60 38
17149-3-C5 Base -60 33
17149-3-C6 Base -60 34
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30 °F and -60 °F CVN for GMAW Base Material

120 110
105
100
o B0
Y
-
£ 60
g 40
20 9 8 B
0 I T
Base Base Base Base Base Base
Material at Material at  Material at  Material at  Material at  Materal at
3rF 3°F 30FF -60°F -60°F -60°F

Figure 16. CVN Graph for GMAW Base Material Tested at 30°F and -60°F

30 °F and -60 °F CVN for HFRW Base Material

120
100
= g0
3 58
E &0 53 52
=
3 a0 38 33 34
. . . .
0
Base Base Base Base Base Base
Material at Material at Material at Material at  Material at  Materal at
30°F 30°F 30°F -B0°F -B0°F -B0°F

Figure 17. CVN Graph for HFRW Base Material Tested at 30°F and -60°F

Appendix D contains the full EWI lab test reports for GMAW and HFRW tube base metals.
4.2.2 GMAW Welds - Static Test Results

Macrographs of the GMAW welds are shown in Figure 18.
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Figure 18. GMAW Macrographs

The tensile test results for the GMAW weld are shown in Table 9. The graphical representation
of the tensile data is in Figure 19. The minimum required UTS is shown with a black line in both
figures. The base metal acceptance criterion is 90 ksi UTS minimum, with 12% elongation in 2
in. The UTS of one test coupon passed; the elongation of two test coupons passed. One test
coupon passed UTS and elongation requirements.

Table 9. GMAW Weld Transverse Tensile Results
. 0.2% . .
Specimen ID '!'ensng UT.S Yield Stress otz Az Fallu_re
Orientation (psi) (bsi) (%) Location
17149-2-T1 Transverse | 78,300 76,600 14.3 HAZ
17149-2-T2 Transverse | 98,800 82,200 24.0 HAZ
17149-2-T3 Transverse | 86,800 75,900 7.9 HAZ
GMAW Welded Tensiles
105
100 98.8
2 o5
XL
B 90
=z 86.8
th 85
-
2 g 78.3
=
70

Weld #1 Weld #2 Weld #3

Figure 19. Tensile Test Graph for the GMAW Welds
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The GMAW weld root and face bend test results are shown in Table 10 and Table 11,
respectively. The acceptance criterion is 22% minimum elongation, with acceptable visual
defects as defined in Section 3.2.1. All test coupons passed.

Table 10. GMAW Weld Root Bend Test Results
Specimen ID e ManE(’j?gIdDia SlemzeEior Bend Results
P Orientation (in.) ' (%)
17149-2-B1 Root 13 22 Pass - no cracking
17149-2-B1 Root 1.3 22 Pass - no cracking
17149-2-B1 Root 1.3 22 Pass - no cracking
Table 11. GMAW Weld Face Bend Test Results
Bend 2 Elongation
Specimen ID Orientation Man((ji:]el) Dia. (%) Bend Results
17149-2-B1 Face 1.3 22 Pass - no cracking
17149-2-B1 Face 13 22 Pass - no cracking
17149-2-B1 Face 1.3 22 Pass - no cracking

At 30°F and -60°F, the CVN test results for the GMAW weld are shown in Table 12. The

graphical representation of the CVN data is in Figure 20. Per material specification ASTM A656

Grade 80, there are no CVN requirements. This data was obtained for comparison purposes

only.

Table 12.

GMAW Weld CVN Test Results

Absorbed
: Notch Test Temp.

Specimen ID . o Ener
P Location (°F) (ft-Ib(g
17149-2-1 Weld fusion zone 30 88
17149-2-2 Weld fusion zone 30 102
17149-2-3 Weld fusion zone 30 91
17149-2-4 Weld fusion zone -60 76
17149-2-5 Weld fusion zone -60 81
17149-2-6 Weld fusion zone -60 77
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30 °F and -60 °F CVN for GMAW Welds

102
I I ?E 31 ??
Weld at 30°F Weld at 30°F Weld at 30°F  'Weld at Weld at Weld at
-60°F -60°F 60°F

120

100

80

i

CVN (FT-LBS)
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=]
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=

Figure 20. CVN Graph for GMAW Welds Tested at 30°F and -60°F

Appendix E contains the full EWI lab test reports for GMAW test specimens.
4.2.3 HFRW Welds - Static Test Results

Macrographs of the HFRW welds are shown in Figure 21.

3 mm

Figure 21. HFRW Macrographs

The tensile test results for the HFRW weld are shown in Table 13. The graphical representation
of the tensile data is in Figure 22. In the figure, the minimum required UTS is shown with a black
line. The base metal acceptance criterion is 85 ksi UTS minimum, with 14% elongation in 2 in.
The UTS of all test coupons passed. No coupons passed the elongation test.
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Table 13. HFRW Transverse Tensile Results
: 0.2% : :
Specimen 1D Tensng WS Yield Stress SR Fallu_re
Orientation (psi) (psi) (%) Location
17149-1-T1 Transverse 90,400 76,100 7.7 Base material
17149-1-T2 Transverse 90,400 74,700 4.5 Base material
17149-1-T3 Transverse 90,000 87,800 10.1 Base material
HFRW Welded Tensiles
105

— 100

z

5 95

g

= 90.4 20.4 an.0

§ 90

5

S

= 85

80
Weld #1 Weld #2 Weld #3

Figure 22. Tensile Test Graph for the HFRW Weld

The HFRW root and face bend test results are shown in Table 14 and Table 15, respectively.
The acceptance criteria are 22% minimum elongation, with visual defects as defined in Section
3.2.1. All test coupons passed.

Table 14. HFRW Root Bend Test Results
Bend .
Specimen ID .Bend_ Mandrel Dia. SlemEiion Bend Results
Orientation (in.) (%)
17149-1-B4 Root 1.3 22 Pass - no cracking
17149-1-B5 Root 1.3 22 Pass - no cracking
17149-1-B6 Root 1.3 22 Pass - no cracking
Table 15. HFRW Face Bend Test Results
Bend -
. Bend , Elongation
Specimen ID Orientation Man?irne; Dia. (%) Bend Results
17149-1-B1 Face 1.3 22 Pass - no cracking
17149-1-B2 Face 1.3 22 Pass - no cracking
17149-1-B3 Face 1.3 22 Pass - no cracking
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At 30°F and -60°F, the CVN test results for the HFRW weld are shown in Table 16. The
graphical representation of the CVN data is in Figure 23. For CSA Grade 480WT base material,
the CVN acceptance criteria is 20 ft-Ibs of absorbed energy at -20°F; there are no requirements
at 30°F and -60°F. This data was obtained for comparison purposes only. The HFRW welded
joints did not meet the base material acceptance criteria; however, the base metal test coupons
did (Table 8).

Table 16. HFRW CVN Test Results

Absorbed
. Notch Test Temp.
Specimen ID Location CF) £ I(Efrtl%%))/
17149-1-1 Weld Center 30 7
17149-1-2 Weld Center 30 6
17149-1-3 Weld Center 30 6
17149-1-4 Weld Center -60 3
17149-1-5 Weld Center -60 2
17149-1-6 Weld Center -60 2

30 °F and -60 °F CVN for HFRW Welds

120
100
80

&0

CVN (FT-LBS)

40

20
7 6 6 5

o I S A————

Weld at 30°F Weld at 30°F Weld at 30°F  'Weld at Weld at Weld at
-B0°F -60°F -B0°F

2 2

Figure 23. CVN Graph for HFRW Welds Tested at 30°F and -60°F

The CVN test results for the HFRW welds (Table 16) are low compared to the base material
performance (Table 8), which meets the CSA base material requirements for low temperature
service. This is of little significance to the research effort, because the goal of the project was to
compare the performance of different tube designs. This fact does, however, highlight the need
for HFRW weld process optimization when applying this process to Navy materials and
structures.

Appendix F contains the full EWI lab test reports for HFRW test specimens.
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4.2.4 Static Test Results Comparison

The static test results of the GMAW and HFRW welds were similar. The CSA Grade 480WT
specification lists 85 ksi minimum UTS; the weldments in most cases exceeded that strength.
The GMAW welded samples exhibited excellent toughness. The HFRW samples displayed low
toughness even at 30°F. Some basic research was conducted to identify the root cause of the
lower than expected toughness. A hardness map of the HFRW weld joint is shown in Figure 24.
A high hardness area is located on the weld joint centerline where the CVN test coupon was
extracted. This higher hardness area is likely the cause of the lower than expected toughness
values.

Figure 24.  Vickers Hardness Map of the HFRW Tube Weld Joint

Figure 25 is a photomicrograph of the HFRW weld. The grains are relatively fine but appear
acicular in nature suggesting that a rapid cooling rate was present. This microstructure is
roughly 27 Rockwell C hardness based on the hardness map in Figure 24. The hardness values
and the appearance suggest the microstructure is martensitic.

25



ERWBL
Figure 25. HFRW Weld at 500x Magnification

The addition of a tempering treatment can be applied to an HFRW weld to eliminate high
hardness areas and to improve weld toughness. A material with lower Mn content will decrease
hardenability. A material with the addition of more grain size stabilizers, such as Ti and Nb, will
increase toughness. Using HY-80 that is quenched and tempered, will require a post-weld
tempering process and/or reduced welding heat input. Using HSLA-80 will require attention to
HFRW welding process parameters but may not require a post-weld heat treatment. The weld
hardness and toughness issues will require further research to produce acceptable quality
HFRW welds for Navy materials.

5.0 Benefits

Electric Boat conducted a limited business case analysis to establish the relative costs for both
purchased HFRW tube and fabricated GMAW tube.

5.1 Cost Benefit Analysis

The HFRW process is highly automated and produces structural shapes at rates upward of 100
feet per minute. A 6-ft long, HFRW 8-in. square tube with a 0.75-in. nominal wall thickness is
estimated to cost $600 and takes 0.06 minutes (3.6 seconds) to weld. The same size tube
fabricated from two plates using GMAW costs approximately $8,800 and takes 108 minutes
(6,480 seconds) to make the six required passes per weld (12 weld passes total per tube).
Table 17 contains the cost benefit analysis for the GMAW and HFRW tubes.
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Table 17. Cost Benefit Analysis of GMAW vs. HFRW Tubes
. ) W e Q@b &
Savings Attribute g {?“Q ﬁ@"' 5 g & ® @@ & * ob
A (Sl ¥ Why ®
|Fabrication Labor ?
Ship Fitting H |Actual Trade Hours 45% 5 Eliminated | Design change
Welding H |Actual Trade Hours 55% 0% Eliminated  Design change
Cut & Bevel
ICutting & Forming L |ActualTrade Hours 75% less only| Design change
Inspection H |Inspection Count 20pertube o Eliminated  Design change
1 part; fewer
Material Conveyance M |Part Count 75% less moves | Work package
Planning & Admin Work pkg line
Services M |Shop Order Line items 75% less items | Wark package
IMaterial & Supplies;
Inventory ?
Piece Part Count per
Tube H |Bill of Material 4 1 Design change
‘Weld Filler, lbs per ft H |Eliminated 3 o Eliminated  Design change
‘Weld Filler, Cost perlb| L |Eliminated B Eliminated
[Temporary Mot
iAttachments H |Eliminated measurable o Eliminated  Design change
Mot
Shop Consumables M | Less used measurable ) Eliminated Design change
Backing Bar cost per ft L |Length 51 Eliminated
Cost per 6 ft length of Purchased std
|Labor + material H |tube S8,800 5600 Mot fabricated | part

GMAW tube fabrication (Figure 26) is complicated and challenging as it involves multiple formed

piece parts and is highly reliant on skilled workmanship. Multiple piece parts require material
acquisition and planning processes. The tube fabrication process features a lot of handling and
transporting, in addition to numerous fabrication steps. The resultant tube is distorted from the

two large welds and subsequently requires additional labor to mitigate dimensional inaccuracies

when fitting and welding tubes to other structures.
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Transport to

Cut 2 parts — Form 2 parts [— Inspect |  Storage — Store
Flip Fart
Transport to . Weld 12
Welding || Fit&Tack |+ Inspect | — Passas — Nl:lllrni_alg;us
Grind Every Transport to Send to Install
Pass —| [Inspect — Storage Store | on Structure

Figure 26.

GMAW-fabricated Tube Process Map

Purchased HFRW tube fabrication (Figure 27) is much less complicated. The reduction in piece
parts simplifies material acquisition and planning processes. Higher product geometric
consistency is expected to reduce downstream labor used to fit and weld tubes to other
structures. Purchased HFRW tube is expected to hold a tighter exterior corner radius, which
simplifies the joining of attachments to the tube. Using HFRW tube eliminates the GMAW
fabrication steps thus allowing the shipyard to re-allocate skilled resources and floor space for
more productive use.

Form & Weld 1 Cut L Inspect Ship to Electric Store || Send to Install
Part P Boat on Structure
Figure 27. Purchased HFRW Tube Process Map

In addition to productivity gains, other benefits can also be realized. Using other tube material
types may facilitate the use of smaller, but stronger cross sections when the design permits.

This project generated data that demonstrates some benefits of using structural shapes
designed for HFRW outweigh using fabricated structural shapes welded with GMAW. This data
can be used by shipyards as a starting point to pursue NAVSEA approval for implementing
HFRW structural shapes.
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5.2 Business Case Analysis

Non-recurring Engineering (NRE) Costs
NRE includes HFRW weld qualification cots and updates to design data
Total NRE: $1,307,600

Recurring Construction Savings

Current construction designs savings, per hull $407,818
Future construction designs savings, per hull $770,425

Current construction Payback: 1.86 hulls:
e Savings = $407,818

Future construction Payback: 0.71 hulls
e Savings = $770,425

Industry-wide concerns with the high yield strength of HSS grade tube may lead to additional
conversion to HY grades.
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6.0 Conclusions

This key take-away from this project is the significant increase in fatigue life observed when
purchased HFRW tube is compared to GMAW fabricated tube. Although the original objective of
the project intent was to test HY-80 steel the small quantities needed for testing were not
available at reasonable cost. The materials tested were both “cold temperature” steel grades
which were the closest high yield steels available within the budgetary constraints of the project.
EB fabricated GMAW tube and purchased HFRW tube were four-point bend fatigue tested and
the HFRW tube had at least a two-fold increase in fatigue life compared to GMAW fabricated
tube.

Baseline testing of mechanical and impact properties objectively compared GMAW fabricated
tube properties to purchased HFRW purchased tube.The baseline results were mostly
comparable; with the exception CVN impact test results for the HFRW welds were lower than
expected. This was attributed to a hardened metallurgical phase (martensite) in the centerline of
the HFRW cold temperature steel weld. This phase also occurs in HY-80 steel and post weld
tempering will convert the martensite, reduce hardness and improve CVN properties. Unlike HY-
80 steel, the cold temperature steels used in this test are not routinely post weld heat treated.
However, post-weld tempering can be done in-line on the HFRW unit and should produce
acceptable CVN results. This is an action for future qualification testing and is considered a
minor technical risk.

Using HFRW tube eliminates many hours of labor needed to fabricate the GMAW tube which
significantly reduces construction cost. The controlled HFRW tube forming process holds tighter
tolerances than the GMAW fabrication process, which reduces complexity and cost when
attaching parts to the tube or the tube to larger structures. HFRW does not require the GMAW
backing bars which reduces the weight per foot. This study shows HFRW tubes achieved
significant increase in fatigue life, will cost less per foot and weigh less. The return on
investment is estimated to be 1.86 per hull for current construction class designs and 0.71 per
hull for future class designs.

7.0 Recommendations

Based on the results of this research, implementing HFRW tube designs in lieu of GMAW tube
design shows promise to reduce fabrication costs and increase structural performance. Future
research should be conducted on the actual ship materials of interest with two objectives
identified:

1. The HFRW weld process changes necessary to develop a weld with the desired toughness.
2. Determine if HFRW structures with actual ship materials demonstrate the same promising
performance compared to legacy structures.
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8.0 Future Work

o Determine candidate legacy structural shapes and NAVSEA material types to be
replaced.

e Using the same NAVSEA material type, test and compare the performance of the HFRW
structural shape design to an equivalent legacy structural shape.

o Determine tempering parameters for the HFRW welding process to produce acceptable
weld toughness.
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10.0 Disclaimer

EWI disclaims all warranties, express or implied, including, without limitation, any implied
warranty of merchantability or fitness for a particular purpose.

Under no circumstances will EWI be liable for incidental or consequential damages, or for any
other loss, damage, or expense, arising out of or in connection with the use of or inability to use
the report delivered under this engagement. This report may not be reproduced or disseminated
to individuals or entities outside of your organization without the prior written approval of EWI.
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Downloaded from BIp Aws Sveryipec oom

INCH- POUND
HIL-5-26645A(SH)

SUPERSEDING
MIL-5-24645(5H)
4 Septembor 1984
(See 6.9)

MILITARY SFECIFICATION

STEEL PLATE, SHEET, OR COIL, AGE-HARDENING ALLOY,
STRUCTURAL, HIGH YIELD STRENGTH (HSLA-80 AND HSLA-100)

This specification is approved for use by the Naval Sea Systems Command,
Department of the Havy, and is avallable for use by all Departments and
Agencles of the Department of Defense.

L. SCOPE

1.1 Scops. This aspecificatlon covers 80,000 (HSLA-80) and 100,000
(HSLA-100) pounds per square inch (1b/in®) high jl'illld strength, age-hardening
alloy steel plate, sheet, and coil intended primarily as replacements for
stesl grades HY-80 and HY-100, respoctively, for approved uses in critical
structural applications where notch-tough high-strength materlals are
roquired. The requirements apply te grade HSLA-B0 up to and including 1-1/4
inches thick and HSLA-100 up to & inches thick.

1.2 Classification. Steel plate, sheet or coil covered by this
specificacion shall ba of the following types and grades as specified (see
6.2).

Type I - Plate, sheet or coll for which ultrasonic

' testing for soundness and thickness is not
performed.

Type II - Plate over 1/2-inch in th:l.:lmuu for which

ultrasonic testing for soundness and thickness
iz parformed. Unless otherwise specified (See
4.4.2.7 and 6.2), each plate over 1/2-inch in
: ‘ thickness shall bo classified as Type II.
Crade HSLA-80 - B0,000 1b/in tensile yield strength, minimum.
Crade HSLA-100 - 100,000 1b/in® tensile yleld strength, minimum.

Bonefleial comments (recommendations, additions, deleations) and any
pertinent data which may be of use in improving this decument should be
addressed to: Commander, Naval Sea Systems Command, SEA 55Z3, Department
of the Havy, Washington, DC 20362-5101 by using the self-addressed
Standardization Document Improvement Proposal (DD Form 1426) up-purlng at
the end of this document or by letter.

AMSC N/A - - -~ Psc 9515
Approved for publie release; distribution is ..
unlimited : B
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Daeniloaded from hip Peass sveryipec oom

HIL-5-246435A(5H)

3,223 Recovered materials. Unless otherwise specified herein, all
equipment, material, and articles imcorporated in the products coverad by this
specification shall be new and may be fabrlcated using materials produced from
recovered materlals to the maximum extent practicable witheut jeopardizing the
intended use. The term "recovered materials® means materiala which have been
collected or recovered from solid waste and reprocessed to become & source of
rav materials, as opposed to virgin raw materfals. None of the above shall be
interpreted to mean that the use of used or rebuilt products is allowed undat
this specification unless othorwise specifically specified.

3.3

Chemical composftion.
shall be as specified in table I.

The chemical composition, heat and product

- TABLE I. Chemical composition (heat and product analysis).
Maximum percent by welight ' unless a
range is shown or otherwise noted
Allowable chemical compositions for the following
plate gauges and grades
Element
Grade HSLA-80 Grade HSLA-100
< 1.25-inch All plate gauges
Carben 0,08 .06
Manganaso 0.40-0.70 0.75-1.05
Phosphorous 0,020 0.020
Sul fur 0.005? 0,008
Eilicon 0.40 0.40
Hickal 0.70-1.00 3.35-3.65
Chromium 0.60-0.90 0.45-0.75
Holybdenum 0.15-0.25 0,55-0.65
Coppar 1.00-1.30 1.45-1.75
Colunbium 0,02-0.06 0.02-0.06
Aluminum 4 ‘
Tin 0.030 0.030
*Vanadlum 0.03 0,03
Titanium 0.02 0.02
Arsenic 0.025 0.025
Antimony 0.025 0.025
Nitrogen b

Except for carbon and sulphur, the chemical tolarances as spoeified In

b
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ASTM A 6 arae to be applied to product analysis.

in ASTM A 6, the product analysis shall not excesd the specified maximum,
For HSLA-B80 thlcknesses 3/4-ineh and under, a maximum of 0.07 percent

shall be pormitted in heat analysis.

Deowndoaded from hitpoiwwis everyspes com

MIL-5-2646454(5H)

For olements not listed

The product analysls tolerance shall

be 0.02 porcent over the specified maximum limlt for all thicknesses of
HSLA-80 and HSLA-100.

maxioum.

3.4

requirements as specified In table III after all heat treatments.

The product amalysis tolerance shall be 0.002 percent over the specified

Hinimum acid-soluble aluminums content of 0.010 percent or minimum total

alumimum content of 0,015 percent for each ladle of each heat.
For information omly.

Hechanfcal properties. The material shall meet the tensile
property requirements as specified in table II and the impact property

TABLE II. Tensile properties.
Grade HSLA-80 Grade HSLA-100
<0.254n | £0.25 in £0.751in | > 0.75 in
Ultimate tnml.l.n.
strangth,

(1b/in?) v ¥y 1/ v
Yield strength, 80,000 80,000 100,000 100,000
0.2 percent offset to to | e o
(1b/in®) &/ 110,000 100,000 130,000 125,000

Elongation in 2

inches, minimum

{percent) 14 20 07y 18
Reduction in area,

oinious round 3

spacimen (percent). as 50 ay 45

g 8 RE

To be recorded for information only.
For HSLA-100 material less than l/4-inch in l:htclmtu olnn;ntlan. shall
be 12 percent, minimum.
A minimum percent reduction in area i3 not :aquirnd for phta thie'lmuuu
equal ‘to or less than 3/4-inch.
For HSLA-B80 materials equal to or less than 1/2- i.w:h !.11. thlckm::
max imun ylold ttrmgth shall be 110,000 1b/in'.

A3




Downboaded from hitpoivwew everyipec com

HIL-5-24645A(5H)
TABLE III. Impact requireménts, Charpy V-notch. transverse.L/
Test Energy’ foot-pounds, Shear fracture,
{Coolant}) average of thres tests, percent average of
Thickness temporature ainimus three tests, minimum
nominal ;
{inch)
Grade Grada Grade Grade
(*F) HSLA-80 HSLA-100 HSLA-80 | HSLA-100
3/8-inch ; -120 £ 3 60 &0 i a5
and over 3/
0x3 80 90

1/ Dynamic tear testing transverse to the final direction of plate rolling
ghall ba performed at minus 40 + 3 degrees Fahrenheit (*F) on plate
thickness over 5/8-inch and the results shall be recorded for information
only.

2/ Mo 4{1:;1:; value shall be below the minimum average required by more than
5 foot-pounds, or eguivalent fraction as designated by the appropriate
standard subsige specimen, for the Charpy test,

3/ For material thicknesses balew 7/16-inch, Charpy test subsize specimens
shall ba as specified in ASTM A 673. Equivalent absorbed energy
requirements for subsize specimens shall be as specified (ses 6.2).

3.5 Heat treatment. Unless otherwlse specified (6.2), the contractor
shall determine the detailed procedure to produce products meeting the
mechanical property requirements of this speeification with the following

reatrictions:

(a) The heat treatment shall be as specified (see 6.2) for
treatment of class 1 or class 3 as follows:

Class 1 - Gontrolled xolled and precipitation heat treated.
This class is permissible only for HSLA-80 plate, sheet or

coll up te and Iincluding 1/2-inch in thickness unless
otherwlse specifically approved by HAVSEA. :

Class 3 - Zolution treated, guepched and precipitation heat
Lreated.- .

(b} The plate shall not be stress relleved.

A4
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C40.20-1% 0 2013 CIA Group

R

1
z

e

P |

b < 150 mem b = 150 mm

MHotes:
(1) Welded structural shapes shall be tested in occordonce with the plate or bar testing requirerments of Clowtes 7 to 9,
(2} At the discretion of the manufactisee, the teil plece may be taken fram elther leg of unequal angles.

Figure 1

Position of test pieces for tensile tests
(See Clauses 4.2, 7.1.2.3, and 7.1.2.6.)
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0 2013 CSA Growp General requirements for rodled or welded siruclurol quality steel

Alernatiee
positions

|

Pt e

2
3
el e
1
T
1
Ll—'-'-h-Li-'I-I .
PR
3 1
1 1
& 4
1 3
4 4
1 L
F] 2
b < 150 mm bz 150 memi

Hotes:
(1) Welkded structural shapes shall be testad in accordance with the plate o bor testing requirements of Clouses 7 lo §
(2) At the discretion of the manufacturer, the test plece may be token from either leg of unequal leg angles.

Figure 2

Position of test pieces for impact tests
(See Clauses 4.2, 7.1.3.3, and 7.1.3.6.)
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C40.20-13

Full web
300 rmm (12 In) min. /y_ thigkress

40 mm
(112 m)
appron,

B0 e
[%im)
AR ON

! Full fange
\/ \/_ thickneis

Mate: lest foad shall be applied normal to weld axis in the plane of the web centrefine,
Figure 3

Specimen for welded-tee tension test
(See Clause 15.4.)
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0 .201°3 CIA Group General requiremnents for roled or welded structural quolity sheel
Flatmess

Plates, carbon, H5LA and alloy steel ASTM ASAGM
Plates, carbon, HSLA and alloy steel, restrictive Table 4
Length

Bars and bar-size sha ASTM AGSAGM
Channels and £ sections, cold-formed, ordered to length Tabde 19
Plates, gas-cul ASTM AGABM
Plates, sheared and wniversal mill ASTH ABASM
Super light beams ASTM AB[ASM
Sections, hollow, ordered to length Table 17
Sheet ASTM ASGE/ASGEM
Mass

Sections, hollow Table 10
Straightness

Bars and bar-size shapes ASTM AGJASM
Channels and Z sections, cold-formed Tabde 20
Sections, hollow Table 15
Super light beams Table &
Welded shapes Tabsle 9
Thickness

Channels and Z sections, cold-formed Table 18
Flats ASTM AB/ASM
Plates, 300 mm (15 in) and under in thickness, ordered to thickness ASTM ABJAGM
Sections, hollow, wall thickmness Tabie 11

Sheet Table 24
Twist

Sections, hollow Table 16
Warpage and tilt

Welded structural shapes Table &
Waviness ASTM AsSAEM
Width

Flats ASTM ABJASM
Plates, rectangular, gas-cut ASTM AB/AGM
Plates, sheared ASTM AB/ABM
Plates, universal mill ASTM AG/AGM
Sheoot ASTM ASGB/ASEBM
Juay 2003 47
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Excerpts of ASTM A656



Designation: AB56/AB56M - 13

=

Standard Specification for

Hot-Rolled Structural Steel, High-Strength Low-Alloy Plate

with Improved Formability’

Thes wtnaclard in issned omder B fnsd dedipaation A M ARSAM, the member beenediniely following the devignation indicases iho year
of eriginal sdoption of, in B cxie of nevision, the yeer of laaf reveiscs, A samber in patentistucs dicuies the year of la reapproval.
A vapernavipt epsilon (5} indicates an ecdtorial change since the lang rovision of resppronal,

1. Scope®

1.1 This specification covers three types and five strength
grades of high-strength low-alloy, hot rolled stroctural stecl
plate for use in truck frames, brackets, crane booms, mil cars,
and similar applications. Stecls that conform (o this specifica-
tion offer improved formability. These steels are normally
fumished in the as-rolled condition. The type and strength
grade fumished is as agreed upon between the manufacturer
and the purchaser. The types and strength grades are shown in
the tables.

1.2 The maximum thickness of plates shall be as follows:

Grass Plale Thicknoss, ma,
L jenen]
50 2[5
L 4 [40]
70 1 [28)
e 108
100 Wiy

1.3 The values siated in either inch-pound units or S1 unils
are to be regarded ax standard. Within the text, the 51 units are
shown in brackets. The values stated in each system are not
exact equivalents; therefore, each system must be used inde-
pendently of the other, Combining values from the two systems
may result in nosconfermance with this specification. See
Appendix X3 of Specification AGAGM for informalion on
weldabiliny.

14 For plates produced from coil and furnished without
heat treatment or with stress relieving only, the additional
requirements, including additional testing requircments and the
reporting of additional test results, of Specification AGTAGM
apply.

" T specification ks wnder the juriufiction of ASTM Comminee AD| oa Stecl,

2, Referenced Documents

2.1 ASTM Standards:®
AGFAGM Specification for General Requirements for Rollsd
Structural Steel Bars, Plates, Shapes, and Sheet Piling

3. General Reguirements for Delivery

3.1 Plates furnished under this specification shall confom, 1
to the requircments of the current edition of Specification ||
Ad/ABM, for the specific plate ondered, unless a conflict exiws,
in which case this specification shall prevail, '

3.2 Coils are excluded from qualification to this specifica-

tion until they are processed into fnished plates, Plaes |

produced from codl means plates that have been ool 16
insdividual lengths from a codl. The processor directly controls,
aor % J,ﬁpl:mibbt for, the np:l:tinu: invalved in the pmc'cn:'n;
of a coil into finished plates. Such operations include decoiling,
leveling, cutting to length, testing, ingpection, conditioning,
Iheat weatment (il applicable), packaging, marking, loading for
shipment. and cenification.

Mo 1—For plates produced from coil and farnished without best
trealment of with viness relseving only, two lest fesults are to be repeniod

for each qualifying codl. Additional requiremnents reganding plale produced
from coil are described in Specification AGAGM.
4. Materials and Manufacture

4.1 The steel shall be made to fine grain practice.

5. Chemical Composition

5.1 Heat analyses shall conform to the chemical require- |
ents given in Table 1. Dependent upon thickness, grade, and
imtended application, variations in the chemical compositon
are permifted within the limits given m Table 1 for (e
applicable type. Where it is of paricular importance, the
manufaciurer should be consulied for specific chemical com-

Stusdens Sreel and Related Alloys and bs the direct seponsibiliny of S

AD1 03 pe Srrucraral Steel for Bridpes, Beiblings, Rellisng Stock asd Ship,
Currest odtion spproned Gt 15, 7013, Poblithed Movember 10 R, Dwiginadly

appeoved i 1972, Last previcen odition approved in 2012 s ASSSIASSEM - 124",

DOk 1S ADGSS_ADSIEM-11,

" b el d AST™ dapd, wiakt the ASTM webdite, wwrw ilm o, @
coatact ASTM Cuomer Servior s service#ntm org, For Ausesal Book of ASTY
Srandureds voluar inforeastion, sefer W e itasdnnd"s [ 5 ¥ pagt o
the ASTM wobsite.

A Sumemary of Changes section appoars at the cnd of this stasdard
Cogryright © ASTM ntemaliatal, 100 flarr Hartor Deis, PO o £700, Wasl Corahahocken, P 184502950, Linked Siates
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Ay Asse/aesEM - 13

TABLE 1 Chemical Reguirements
Mome |=—An ellipsis (.. ) indicates that clement §s not defined for that Type,

£ ‘Compositon, %

Type 3 Type 7 Typa 8
Carbon, ma [ET] el ] a.1a
Manganoess, max® 165 165 165
Phosphonus, ma Q25 DE2E TOEs
Suifer, i a.030 0000 0,030
Silioon, LX) 0,60 Q.60
‘anadium, max 008 o16™ 0155
Wtegen, max Q30 0000 [allacs]
‘Cohsmiium 0008010 00 ™ 10 max®
Tririum, mad i s 0,987

A por each reduction of 0UX parcontage: point Bslcew T Spciiod maximum for casbon, an incroase of 0L08 poooTiage poinls oD thir Apecified sudmum for
paneTiLe i p d uploa of 1.78 % for Gandos 50, 50, and 70; up to & masimum of 1.90 % for Geade BO; and up %0 & maximum of 2,10 % & Grads

100

P e contents ol columbium and vansdium shall ssdticeglly B in pesondancs with one of the isliswing:

L pphurriiuen (,008-0. 10 % with vanadium <0008 %;

©pokumbdumn <0008 % wilth vanadiom (008-0,15 % or

[E 2 oadumblum 0.008~0.10 % with vanasdium 0.008=0.15 % and columbium plus vanadius nol in anceas of 0.20%.
B ;-#Mmammmm;mmmmmummqmm

TABLE 2 Tonslle Requirements”
Geaga 50 Catndh B0 rnchy T Geade B0 Grade 100
145 (415 1485} 1554 ]
Yiekd point, min, ksl [MPa) 50 [345] 60 48] 70 [485) 80 |550] 100 6]
Tonsia stongth, min, ksl [MPa] B0 [415) 0 [485] B [5509 80 |620) 10 e
Elongation in & i [200 mml, min, % g 1 Fid Ll iz 12"
i Elongation in 2 in (50 mm], min, % e 0 g 157 15"
; :-*mmmmmuwmmﬁwmm
EL " Eor plaios widar than 34 in. [600 mm], the elongation mhmmm|mmmmmmm T,

« B, and 100 [415, 485, 550, and £50]). Ses Elongation mmmmnhTmmmﬂw

o 32 Produet Amelysis—I0 a product analysis is made, it shall 6. Tension Test
. conform to the requirements given in Table [, subject 1o the ;
o procduct analysis tolerances of Specification AGIAGM. 6.1 The plates as represcnted by the tes specimens shall

conform to the requirements given in Table 2,
o 53 Where steel is 10 be welded, it is presupposcd that a - ¢
- welding procedure suitable for the grade of steel and intended ywords
| use or service will be utilized. Lot

L. 54 Unless specifically ordered, the type is at the discretion ap:]'!;;‘w low-siloy seel; stcel plntes; structural
i of the producer. icatons

SUMMARY OF CHANGES

Committee A0l has identified the location of selected changes to this standard since the last issue
(ABSH/ABSEM — 120"y thot may impact the use of this standard. (Approved Oct. 15, 2003.)

(1) Revised Tuble 1 to modify sulfur limits.

Committee Al has identified the location of selected changes to this standard since the last issue
(AGSHIAGSHM ~ 12) that may impact the use of this standard, (Approved Nov, 1, 2012.)

() Adjusted Table | Foolnole A, InCreasing maximum permis-
. sible mangancse for grade 100 from 1.90 % to 2,10 %,

31
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EWI Lab Test Reports — Tube Base Materials



GMAW Tube Material

EW’ 1250 Acthur E. Adarms Drive, Columbus, OH 43221
®

W Manuiactung nnovation
Customer: ATl Advanced Technclogy Imemational Project Number: SETBEGTH
Contact; Justin Montague EWI Contact: Dave Workman
Address: Phone: G14-688-5244
Email: dworkmaniBewi.org
Custamer Sample ID: Plate Base Material Specification: Guidanse to AWS B4.0
LIMS Sample ID: 171454 Material Type: Carbon Steel
HeatfLot Number; A

Rectangular Tensile Test, ASTM EB

Initial Loading Rate (IPM): 05 Test Temp (C): 23 Released By: Rich Minshall
Final Loading Rate (IPM}: .15 Test Date: 173172018
Specimen 1D e e Oignal | gioa | uts | P2RYW o eon Roa|  FARR s
(A Orlentaticn Width Thicknéss i) (P Siress %) %) Locatian (A
(MUY (i (i (pshy (MR
17148471 Transverse Bﬂ*ﬁﬂ ig?&.m :5'?‘:::3*: Eﬂi?lsgn 5_4;’3[*’;5';“ 1] 711 | BaseMateria s Becened
- i ] 00T | eazn0 Eh
T e 8.4 frrvmi 9.3 frre T56 (vl | 650 (WPa) | 557 MPa) W 453 wald [AsReceied
- o [F5] F7] 1014 | 87600 s6m
T . fi 4 ) 83 ey 350 o) | 673 P} | SE) MPa) R K HAZ. s Retahad

Motes: |mml‘ﬂb¢|‘m transwarse across the weld and not base maberial,

Irdcermation Bnd S abeTe TS i il fgrer are i d broen reaterial, infarmation Andir Speclaiions Sumiifed by the debnl and sccluded By sswipnd of ol d wiemii t 88155
s of the madenal 1esthed of analyoed fod any pamecul & DUTPOSS oF S8

Thas nepod e the confidental propsity of our deal snd may nof be wsed for sdwerhang pupotss Thes report shait ol be reprodusoed sooesd in ], wihout weiten spprovel of Evd_ Lab
Sernces Group

beote: The recordng of Nass, Tiohkous, or reudulend s sbement s of enine s on this dooumanl may be puneshed a3 a Telany under Fedsral Stafufes inciuding Federal Law, Tele 18, Chagler 7
Pricged Onc  2F1A0 80 1202 18 P

Page 10 2
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GMAW Tube Material

EW’ 1250 Aethur E. Adarns Drive, Columbus, OH 43221
-]

W Manuiaciurg nnovation
Custamer: ATl Advanced Technelogy IMemational Project Number: SETEBEBGETH
Contact; Justin Montague EWI Contact: Dave Workman
Address: Phone: 614-508-5244

Email: dworkmanBiewd org

Custamer Sample ID: Plate Base Material Specification: Guidanse 1o AWS B4.0
LIMS Sample ID: 171484 Material Type: Carbon Steel
HeatfLot Number; A

Motched Bar Impact Test, ASTM E23

Specimen Type: A (\-Notch) Test Date: 128 Redeased By: Rich Minshall
AbS.

o | R | oy |G| Engy | S T
17148401 Base TL n;ﬁ“m a;:‘“:“] 3&“?: H‘ﬁ_:] DII::‘M] 100 As Recered
1THeas i T I}?-Taimm: HBE‘:;T::-] N :ul;gunnr g.:-_.é':m 1" ik i
it ki b 0.268 gy | 0304 fin) T 1O b 0,084 ) I Amriacim
17148-4.04 Basme TL &;B?tn:l . ;g‘ﬂt‘m _ﬁ’[g'] a}iﬂ,. . ;’u“] 0 As Receted
1T1aB-4C8 Base TL &;:m u;g‘“:“] _j]’[f_!‘] Bl:':-::h'l l:ll:lg:n] M As Recered
e I I 1 7 - I I P B

Motes:

Irdoerration and @atecrs il E in this regort are dedrved hromm materaal, infomiption andir 50 ecfication fumiifed By (he dent and scduded By expoeided of impled wiemieis § 05100
fireess of the enadenial e sted of anakyoed for any paTcul o PUNPOSS oF 56

Thas repod o5 s confidential peoperty of our dial snd may nof be wsed for sdvemang puposes. Thes report shall ol be peproducsd sxoest in U, wifsoul wetten sporoval of Y, Lab
Services Group

Iote: Trw reconding of flase, iotibious, or Sraudulent Sabs ments O enine s on this dooument misy be puneshed ax a felony under Federal Statubes inciuding Federal Law, Tithe 18, Chapler 7

Prirgsd Onc 2000 1202 22 PM

Fags 1 of 2

D2



HFRW Tube Material

EW’ 1250 Acthur E. Adarrs Drive, Columbus, OH 43221
®

W Manufactung nnovation
Custamer: ATl Advanced Technelogy ifernational Project Number: SETEEBGTH
Contact; Justin Montague EWI Contact: Dave Workman
Address: Phone: 514-508-5244

Email: dworkman@iewd org

Custamer Sample ID: Box Base Material Specification: Guidanse 1o AWS B4.0
LIMS Sample ID: 171483 Material Type: Carbon Steel
HeatfLot Number; A

Rectangular Tensile Test, ASTM EB

Initial Loading Rate (IFM): 05 Test Temp (C): 23 Released By:  Rich Minshall
Final Loading Rate (IPM): .15 Test Date: 173172018
Specimenip | Tensle | Crgnsl | Orgn. |odgoL| urs | 0%V | giongation (ROA| Faiure Location | Condtion
(rum) S e poiotd N = -l O ) ) A
0350 0381 100 | eEo0 EAT00 A
11148-2T1 Trangeerse 8.4 sl 9.3 treevi 987 e | 503 (MPal | 281 (MPa) E T T8 | Wihn Gage Lengh m:_“
, . (] CE o0 | e00 %7800 r
s T B4 i 820wl | 256 wemd | 500 (P2 | 460 paPa) T | TAT | et GageLenth | o
TF] nanT T | 85100 5600 A
1T140-372 Tranteerie s 03t |28t gy | sor ouby | _an, e 13 |81 | e GageLengh | L AS
Motes:

Intosmraticn and S ateerm iy in this repor aee defrved igen materaal, informaticn andir S eclioation furmiifed By the deent and sxduded By expoeided of impled warmems § a5 100
g5 of the enatenal lested of analyosd for any pamcul o DUPOSS Of E5e

Thes repoe o s oonfidential peopsrty of our dial snd may nof be wsed for sdvermang puposss. This report shall nol be reprodisoed sxoesd in full, wihout weiten sporoval of Evd, Lab
Sernices Group
ote: Thw recording of flase, fictibious, or fraudulent o ss ments o enine 5 on this dooumenl miy be punished as a felony under Federal Statutes including Federal Law, Tile 18, Chapler 7

Prirgsd Onc  2FE000 13 05 38 P

Fags 1o 2
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HRFT Tube Material

EW’ 1250 Aethur E. Adarrs Drive, Colurmbus, OH 4321
®

Wa Manufaciung Innovation
Customer: ATl Advanced Technelogy intemational Project Number: S6TEBGETH
Contact: Justin Montague EWI Contact: Dave Workman
Address: Phone: 614-508-5244

Email: dworkmani@ew.org

Customer Sample ID: Box Base Material Specification: Guidance 1o AWS B4.0
LIMS Sample ID: 17148-3 Material Type: Carbon Stesl
Heat/Lot Number: NIA

Motched Bar Impact Test, ASTM E23

Specimen Type: A (\-Nolch) Test Date: 1312018 Released By: Rich Minshall
Al
Spaciman 1D Mobch Lecathon | Mobch Qrientation w D Tesl Temperature Lﬁiw Shear Area | Condilion
(NA) () Ay fmm} | (mm) (] HM" o %) (HtA)

180 1m 18 128 14%

17148351 Base TL 0,558 [ink | 0334 in] HiF 53} 0088 (i) i
140 88T =18 Ho 138

1714832 Base L 0285 0ol | 0393 () 20 {F) 58 (i) 00854 () i
150 1001 10 0 137

meas Fase i 0,265 Onp | 035 fn 0iF 86 i) 0.054 i) -
. 143 2 510 10 0857

17148304 Buse L 025 [in}_| 0354 {n] B0{F) 3 () 0,038 {in] i
T8 1003 S0 440 [T+

1714835 Baze T 0.E ok | 0388 fn) BO{F) 33 {nm) 0008 () i
48 10,03 510 4810 [T5]

17148-3C8 Base TL 0284 Gl | 0395 () B0 {F) i) 005w 1

Motes: ﬁmmnﬂmmudﬂnm

Irdrrraton Shd @ aRerra L of thil Feport dte defread Mo miteril | rfommatian andir i elfioptiord uffeifed By the dubfl afd scchule] iy Sopfeiied of implsd vairtitis f 01100
Tinass of the el erial 1e5ied o analzed lor By paTaUlN PArpOSe OF W56,

This repon o M conlidential peopemty of our el and miy 1ot be wsed for sthvemang puposss Thes re port shall fiol be reprodeoed sxoept in full, wihout weilen spprovel of EYd, Led
Sereons Group

Mote: The recording of fase, ioibous, or fraudulent 5 shements of enine 5 on this dooument mixy be punished s a felomy under Federal Stafubes including Federal Law, Tille 16, Chapler 7

Prirted Onc  2AFRAD T2 0540 Py

Page 20 2
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Appendix E

EWI Lab Text Report - GMAW Test Coupons



1250 Arthur E. Adarra Drive, Calurrbus, OH 43221

EWI

W Manutacturg nnovation
Customer. ATl Advanced Technclogy Imemational Project Number: SE6TEBBGETH
Contact; Justin Montague EWI Contact: Dave Workman
Address: Phone: B14-508-5244

Email: dworkman@ewd org

Customer Sample ID: GMAW Specification: Guidance 1o AWS B4.0
LIMS Sample ID: 17148-2 Material Type: Carbon Steel
Heat/Lot Number: GMAW

Notched Bar Impact Test, ASTM E23
Test Date: 12672018

Specimen Type: A (\-Notch)

Released By: Steve Oilara

> . Ll o H o — -1 s . -m. he -
 Specimen D | Melch Location | Molch Orientation| W | D | Tes! Temperalure len"' Liniﬁ;p&ﬂul Shear Area | Condibion
R L] : m.bj : .1.:! [T IH; . . . } .
1714821 WEL TL 56 G | 6304 gy o 58 0k ai 8890 g 100 A5 Recenved
T8 1000 a8 1380 )
a2 o T+ 388 gnp | 0384 g 0 (F) 102 g ) 2,002 ) " e facend
: ; T8 1000 a8 10 T
Wik et ks 0288 gy | 0384 ) H0F) 81 (n.) £.07 i) 10 | sl
; 751 00 0 1030 1.58
1714334 WCL TL 3o i} 0384 g S0 () 78 [R.I) o m:“] 100 Ax Recered
LR 10.08 10 g0 181
114325 WEL TL 568 o | 8904 iy e # eha 083 g @ A5 Recened
T8 1000 A1 0 50 LK)
28 wa T+ 10288 gnj | 0384 g 0 F) T R .06 i) - el
Motes:
Irdematicn and #aterrents in this fegrom are derived fromn raterial, ind andir gpec Sarmetied by the gt and scudet Iy epreiBd of impled warrarie s 8310 %e

fitreess of the et eriald 1 eshed of analyed lor arvy partcular purposs o UEe.

Thas repor o5 s confidential peoperty of our dinl snd may nof ba wsed for sdvemsng puposes. Ths report shall nol be reproduced sxoest in full, wifsoul wetten sponoval of EYd, Lab

Services Group

ot Tre reaonding of flase, (hotibious, or Sraudulent stabs ments O enine 5 on this doument miy be punished as a felony under Federal Stafubes including Federal Law, Tithe 18, Chapler ¥

Prirted Onc S0 00 30946 Pl

Fags 2of 3

El




1250 Asthur E. Adarrs Drive, Colurrbus, OH 43224

EWI

W Manufactung nnovation
Custamer: ATl Advanced Technelogy ifernational Project Number: SETEEBGTH
Contact; Justin Montague EWI Contact: Dave Workman
Address: Phone: 514-508-5244

Email: dworkman@iewd org

Custamer Sample ID: GMAW Specification: Guidanse 1o AWS B4.0
LIMS Sample ID: 171482 Material Type: Carbon Steel
HeatfLot Number: GMAW

Rectangular Tensile Test, ASTM EB

Initial Loading Rate (IPM}: .05
Final Loading Rate (IPM): .15

Test Temp (C): 23
Tost Date: 1262018

Released By: Steve OMara

SpecmeniD | Mansle | Ongnal | odgnal |omgeL| urs | °2%¥ | gongation [ROA| Failurs Location | Condtion
i) (M) iriy i) () {psih (P} % | (L] (L]
PT48-2T1 Tranerse B{;m ,g?ﬁm ?s'a_m HIU?EI‘J:I S?Filﬁgﬂ 143 433 | wichin Gage Lengh m“":_“
17148272 Teapetrse o i ggg’w i i nﬁ@u x'r?@g:: M0 | T2 | hin GageLengh | L BE
e B 6.4 pom aapmey |28k mm s_aﬁga: ﬁ?ﬁgﬂ 19 |30 wenOmeteng | o 0
Motes:

Irdcartraaticn and S abeenm iy i this fepor ace defnved Grom material, information andfr spectication fumiited by the dent and soduded oy sapdeided of imple d wiemiis S a3 100

g5 of the enatenal lested of analyosd for any pamcul o DUPOSS Of E5e

Thes repoe o s oonfidential peopsrty of our dial snd may nof be wsed for sdvermang puposss. This report shall nol be reprodisoed sxoesd in full, wihout weiten sporoval of Evd, Lab

Sernices Group

ote: Thw recording of flase, fictibious, or fraudulent o ss ments o enine 5 on this dooumenl miy be punished as a felony under Federal Statutes including Federal Law, Tile 18, Chapler 7
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EW’ 1250 Aethur E. Adarns Drive, Columbus, OH 43221
®

W Manuiaciurg nnovation
Custamer: ATl Advanced Technelogy iemational Project Number: SETBEGETH
Contact; Justin Montague EWI Contact: Dave Workman
Address: Phone: 514-508-5244

Email: dworkmanBiewd org

Custamer Sample ID: GMAW Specification: Guidanse to AWS B4.0
LIMS Sample ID; 171482 Material Type: Carbon Steel
HeatfLot Number: GMAW

Bend Test, ASTM E190/E280

Test Type:  Semi Guided (ASTM E290, Wrap Around) Test Date: 252018
Test Temperature (F):  Ambisnd Releazed By: Sigve O'Mara
Specimen 1D Bond Orentation | Thickness |  Widih Bond Mandrel Dia | Bend Angle mgh'l Bond Results Pass/ Fail

(] (MIR) (i) i) {imip (Degress) HA) (MR
171453810 Face Bena ik ami: | 983 v 430 T 180 12 Mo Wisund Defects Pazs
ITE1-67 Face Bend u us?-:fm a‘,“;:m n'n’:ﬁm 180 1 Mo Wisusl Deficts Pait
1ME1-63 Face Bend 6 g*n:fm 351153;11: n‘fﬂ‘:;m 180 7 Mo Wisusl Defiects Pait
17145384 ReatEerd DUS?:E“: 3‘1533_": leu:l[ﬁm 180 2 N Wisual Dedeces Pass
17143785 FzarBard 8o | 01 b et 180 2 Wy Wil Defeces Pas
17143265 Fisot Bared . E?J-Em aa‘u‘.?-;m 5 'n?ﬂ'-';m 180 1 Mo Wisusl Definct Pait

Motes:

Irdoemraticn Bnd @ aterrs il 5 an this report are dedreed from material, information andir Speclicationd fumidfed by the Jent and sodudel By expeeiied of impled warmpnts § 0510 e
g5 of the st enial 1o shed of analy2ed b sy paTecul & DUTPOSS OF WSe

This repoe et oonfidential peoperty of our dwal Bnd my no be wsed for sdvemang pupotss. Ths rsporl shall not be peprodusoed sooesd in full, wihout weiten sporovel of EVd, Lab
Sernces Group

Iote: The recording of flase, iotibious, or fraudulent o sements O eninis 5 on this dooument miy be puneshed ax a felony under Federal Statubes inciuding Federal Law, Tithe 18, Chapler 7
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Appendix F

EWI Lab Text Report — HFRW Test Coupons



EW’ 1250 Aethur E. Adars Drive, Celumbus, OH 43221
@

W Manuiactung nnovation
Customer:. ATl Advanced Technclogy imtemational Project Number: SE6TBEBGTH
Contact; Justin Montague EWI Contact: Dave Workman
Address: Phone: E14-508-5244

Email: dworkman@ewd org

Customer Sample ID: HERW Specification: Guidance 1o AWS B4.0
LIMSE Sample ID: 171481 Material Type: Carbon Steel
HeatfLot Number: MNiA

Bend Test, ASTM E190/E250

Test Type:  Semi Guided (ASTM E290, Wrap Around) Test Date: 252018
Test Temperature (Fi:  Armbisnd Releazed By: Sieve O'Mara
Specimen 1D Bond Orentalion | Thickness | Widih Bend Mandrel Dia | Bend Angle Bond Resuls Pass! Fail

(] (NR) (i) iy iy (Degress) Ew (A (MR)
17148181 Face Bend - 2[3::!1! 31!5[0:1'!!! Blu?[;-;w 180 1 Mo Wisusl Defects (2
T8 Face Berd b3 | it P rai 180 1 Mo Wisusl Dt Pais
1TE1.63 Face Bersd " gm: 33‘1%: n‘fﬂ'ﬂm 1080 EE] Mo Wisusl Defistts Past
17145154 ReatBerd 5“3[3?;“: 3‘153;_": 331I]T['|n1imb 180 r ] ho Wisual Delecks Pass
1TER1-B5 Fsot B . "3[3:‘;“ m"f'g:m BIUJITH'IF 180 e o Wisul Defiects Pat
17148168 Rzt Bared Pt L 330 b 150 1 Mo Visusl Defisits Pais

Motas:

Indgerrticn and g ateers iy in this repor are derapd fngen raterasl, infarmation andior S eclioaiond Surmiifad By the Jeent and sxduded sy expeeided of irpled wirmpits § 11100
fitness of the rnslenal 1eshsd of analyped lor avy partaular pUrposs o uEe

Thas nepoe i s oonfidentsal peopssrty of our denl snd may nof be wsed for sdvemang puposes. This report shall nol b reproduoed sxoepd in full, wihout weiten sponovsl of Y Lab
Sernces Group
tote: The recording of flase, otibious, or fraudslent sabe ments o enins 5 on this dooument mixy be puneshed as a felony under Federal Stafubes including Federal Law, Title 16, Chapler ¥
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EW’ 1250 Aethur E. Adarns Drive, Columbus, OH 43221
-]

W Manuiaciurg nnovation
Custamer: ATl Advanced Technelogy IMemational Project Number: SETEBEBGETH
Contact; Justin Montague EWWI Contact: Dave Workman
Address: Phone: 614-508-5244
Email: dworkmanBiewd org
Custamer Sample ID: HERW Specification: Guidanse 1o AWS B4.0
LIMS Sample ID: 171481 Material Type: Carbon Steel
HeatfLot Number: NIA

Motched Bar Impact Test, ASTM E23

Specimen Type: A (\-Notch) Test Date: 172672018 Redeased By: Steve Oilara
~ SpecimeniD | Nolch Localion | Mefch Oriendation | W | D | Test Temperature Lateral Expansion | Shear Area | Condilien
151 1900 1.0 T 0.1%
17148-1:1 WL TL A 20F) 5 ) B8 i) ] A5 Recewed
TE1 1002 10 T 008
1714§-1-2 T ] At Receved
! wa - 029 o) | 0.3 () WIE) 5 {ht) 0004 (in} 2
i : TE1 1002 10 [ 00
i ez e 03l | 038 m) HE 4 (10) D05 o) ia Aot
- 5 TE 1001 Y] 3 003 Erecened
1714814 weL T-L 0298 ) | 0334 gep B 2hE) 3,001 ey k] Az
151 1901 510 20 002
17148- 1.5 WEL TL a5 gy | 0088, - 1 () 0 fi} k] Ag Recewed
—_— e 1. 751 1001 510 20 062 ¥ 5
. L d 03 g | 0384 onid 5 7 1inm) 2001 ) ! A
Nates:
Irdorrraticn and Sabsermrts in thil e are defrond bicen matecial, ind anler 50 e furruifiedd by the clesr and sxduded sy expeeiied of gl d veieTiean g 3100

fireess of the enadenial e sted of anakyoed for any paTcul o PUNPOSS oF 56

Thas repod o5 s confidential peoperty of our dial snd may nof be wsed for sdvemang puposes. Thes report shall ol be peproducsd sxoest in U, wifsoul wetten sporoval of Y, Lab
Services Group

Iote: Trw reconding of flase, iotibious, or Sraudulent Sabs ments O enine s on this dooument misy be puneshed ax a felony under Federal Statubes inciuding Federal Law, Tithe 18, Chapler 7
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EW’ 1250 Acthur E. Adarms Drive, Columbus, OH 43221
®

Wa Manuiaciurg nnovabion
Custamer: ATl Advanced Technelogy Ifemational Project Number: SETBEBGTH
Contact; Justin Montague EWI Contact: Dave Workman
Address: Phone: 514-508-5244

Email: dworkmanBiewd org

Custamer Sample ID: HERW Specification: Guidanse 1o AWS B4.0
LIMS Sample ID: 171481 Material Type: Carbon Steel
HeatfLot Number; A

Rectangular Tensile Test, ASTM EB

Initial Loading Rate (IPM): 05 Test Temp (C): 23 Released By: Steve OMara
Final Loading Rate (IPM): .15 Test Date: 17262018
SpechreniD. | Tee o | Oolet’ ) Ol GL| urs | 921 | Eiongaiion lwr. Failure Location | Condilion
MA) 1psi) )| (%) (MR A
(MY (in} (in} (psh
CECE] [ 1008 | G400 100 hs
17 HE81-T1 Traripserse 84 el @3 frreri 35 8 (reen] | B33 (WP £35 WP T 0.7 | Cutsade Gage Length B
N CECE] ] 1008 | 8400 4T =
1THB1.T2 Trwipeerie 84 oy 23 oy 355 pren | 23 P | 515 paPa) 45 699 | Cutsde GageLengn | o 2%
[FCE] 0365 1007 | meon AT A8
1718172 Tragweris o Srerci 255 gren | 82 P | _ 600 0uPa) 101 | P04 | Cutse GageLengn | ¢ "

Motes:

Irdoematicn and @aterTe il Y i this report are desreed froe materaal, informasion andir S eclicalion furmiifred By the debnl and sxdudel sy expeeided of impled wiemiis g a5 100
fitness of the madenal 1ested of analkyoed bor any parmecul o DUTPOSS OF U6

Thas repon 5 e confudential peopsrty of our cierl snd may nof b wssd for scvwerhang puposss. Thes report shail il be peproduosd socept in ], wihout wetten spprovel of £V Lab
Seraces Group

ot Tre recordng of flase, (oiifious, or raudulent S shsments o enine s on this dooument may be puneshed as a felony under Federal Statubes inciuding Federal Law, Tithe 18, Chapler 7
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