Tension tests and charpy impact tests of weld samples at room temperature, 77k, and 4.5k

(PO: 524368)


As a step towards satisfying the intent of ASME pressure vessel code for the HGQ cold mass skin welding, the weld samples were sent to Materials Research and Engineering Inc. (MRE) in Colorado to perform tension and Charpy Impact tests at room temperature, 77 K and 4.2 K. 

The skin and the skin alignment key were made of 304 stainless steel. The chemical composition of these samples (as provided by the manufacturer) is given in Tables A. Also included in the tables are the ASM specified limits on the constituent elements (note that the single values are maximum values unless otherwise specified). Table B provides the chemical composition of the weld rod and also the ASM specified limits. 

Table A: Chemical Composition of the Skin Material (Wt. %).


C
Cr
Cu
Mn
Mo
N
Ni
P
S
Si

304
.080
18 - 20

2.00


8 - 10.5
.045
.030
1.0

Batch - 1
.066
18.3
.220
1.67
.180
.008
8.73
.027
.001
.52

Batch - 2
.021
18.2
.351
1.68
.391
.053
8.152
.038
.001
.386

Batch - 3
.018
18.21
.450
1.08
.34
.130
8.12
.026
.001
.49

Table C: Chemical Composition of the Weld Rod (Wt. %).


C
Cr
Cu
Mn
Mo
Ni
P
S
Si

308 L
.030
19 - 21

2.00

10 - 12
.045
.030
1.0

Batch - 1
.028
19.96
.02
2.00
.09
10.38
.031
.003
.48

A mechanical model was welded with a 24 inch wide alignment key. Due to improper weld penetration different weld sample configurations were tested. Attached is the report by MRE on the weld sample testing.

Tension Tests:

Per QW-153, weld specimens must have an ultimate strength not less than the minimum specified strength of the base material. For 304 stainless steel, Table UHA (of ASME Pressure Vessel Code, Division 1) gives a minimum tensile strength of 80 ksi. The results of the tensile tests are given in the Table -1 (of Appendix). All specimens failed above the required strength of 80 ksi. Note that the ultimate tensile strength of the machined samples is much higher than bulk samples. This is due to the improper weld penetration. On the other hand, the partially machined samples, which show the effect of the step or notch on the skin, have higher tensile strength than the bulk sample but lower than that of the machined sample. If we had full weld penetration we can expect the behavior of the bulk samples to be that of partially machined samples.

Charpy Impact Tests:

Per UG-84, welded specimens must have a Charpy impact energy not less than that of the base material. For a minimum tensile strength of 80 ksi, the required average impact energy of three samples is 20 ft lb ( = 27.12 J) with a minimum impact energy of any one specimen of 15 ft lb ( = 20.34 J). Note that these values are for standard specimens with a thickness of 0.394 inch as per Table B.2 (UG-84 (c4a)).  Converting the required energy values to the energy density, the required average impact energy density of three samples is 125 ft lb/in2 ( = 0.263 J/mm2) and the minimum impact energy density of any one specimen is 93.75 ft lb/in2 ( = 0.197 J/mm2). 

Charpy specimens tested by MRE are not of standard size and hence we should compare the energy density values rather than the absolute energy values per UG-84. The data shown in Table D is taken from Table 2 of the Appendix. The energy density values of all the specimens is above the required minimum impact energy density of any one specimen (93.75 ft lbs/in2 or 0.197 J/mm2) and the average energy density of the specimens at each temperature is also above the required average impact energy density (125 ft lb/in2 or 0.263 J/mm2). 

Table D: Charpy Impact Data

Specimen
Temp.

K
Thickness

in
Height

in
Energy Absorbed

  ft-lbs           J
Energy Density

ft-lbs/in2     J/mm2

1
300
0.1
0.394
20.0
27.12
507.61
1.07

2
300
0.1
0.394
18.5
25.09
469.54
0.99

3
300
0.1
0.394
19.0
25.77
482.23
1.01

4
300
0.1
0.394
18.0
24.41
456.85
0.96

5
300
0.1
0.394
18.5
25.09
469.54
0.99

Average



18.8
25.50
477.16
1.00

1
77
0.099
0.394
11.0
14.92
279.19
0.59

2
77
0.1
0.394
17.0
23.05
431.47
0.91

3
77
0.0995
0.394
16.5
22.37
418.78
0.88

4
77
0.1
0.394
11.5
15.59
291.88
0.61

5
77
0.0995
0.394
12.5
16.95
317.26
0.67

Average



13.7*
18.58*
347.72*
0.73*

1
4.2
0.1
0.394
17.0
23.05
431.47
0.91

2
4.2
0.0995
0.394
15.5
21.02
393.40
0.83

3
4.2
0.1
0.394
16.0
21.70
406.09
0.85

4
4.2
0.0995
0.394
17.5
23.73
444.16
0.93

5
4.2
0.095
0.394
16.5
22.37
418.78
0.88

Average



16.5
22.37
418.78
0.88

*Note: MRE is looking into the reason for the large scatter in the data at 77 K.
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GENERAL INFORMATION:

Tension and Charpy impact specimens were machined from welded 304 steel sections provided by FERMI National Laboratory.  Initial inspection of the welded sections revealed areas of improper weld penetration as shown in the view enhanced picture of Figure 1.  Figures 2 and 3 show close-up, non-enhanced views of the two welded sections.
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Figure 1.  Improper Weld Penetration (enhanced).
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Figure 2.  Left Weld Section Close-up.


[image: image3.wmf]
Figure 3.  Right Weld Section Close-up.

Due to the areas of improper weld penetration, three different tensile geometries were machined and tested.  The first configuration, shown in Figure 4 as the bulk samples, was tested at 4.2K, 77K, and room temperature.  Three samples of this geometry were tested at each temperature.  Three samples of the second configuration, shown in Figure 5, were tested only at 4.2K.  The third configuration, shown in Figure 6, was tested at 4.2K, 77K, and room temperature.  Two samples of this geometry were tested at each temperature.  The specimen dimensions for the bulk and the machined specimen configurations are shown in Figure 7.  The average thickness was 0.162 inches for the bulk specimens and 0.128 inches for the machined specimens.  The partially machined specimen dimensions are shown in Figure 8.  The average minimum thickness for these specimens was 0.161 inches.
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Figure 4.  “Bulk” Tensile Specimen Configuration.
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Figure 5.  “Machined” Tensile Specimen Configuration.
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Figure 6.  “Partially Machined” Tensile Specimen Configuration.

[image: image7.wmf]
Figure 7.  "Bulk" and "Machined" Specimen Dimensions (all dimensions are in inches).
[image: image8.wmf]
Figure 8.  "Partially Machined" Specimen Dimensions (all dimensions are in inches).

Tension tests were carried out on a 55-kip computer controlled, hydraulic Instron test frame.  Load, displacement, and strain data were recorded for bulk and machined specimens, and load and displacement data were recorded for the partially machined specimens.  The speed of testing was 0.05 in/min.  Elongation to failure measurements were taken over a 1.25-inch gage length. Strains were recorded using Measurements Group’s WK-06-125AD-350 gages with an operational temperature range of ‑452°F to 550°F.  Yield strength values were calculated using a 0.2% offset line. During the cryogenic tests, the temperature was controlled with an accuracy of ±2°F using liquid nitrogen and liquid helium as the cryogenic media.  A calibrated type-E thermocouple was used to verify the temperature control. 

Charpy impact tests were performed on a Tinius Olsen impact test machine.  Due to the improper weld penetration, the 0.098-inch thick impact specimen of ASTM E23 was required.  Specimens of larger thickness had imperfections still visible on the surface.  The specimen dimensions for the Charpy impact specimens are shown in Figure 9.

[image: image9.wmf]
Figure 9.  Charpy Impact Specimen Dimensions.

RESULTS:

Numerical tensile data appear in Table 1.  Graphical tensile data appear in Figure 10 through Figure 27.  For the bulk specimens, the average yield strength values decreases from 92.4-ksi to 64.4-ksi over the temperature range of 4.2K to 300K.  The average elongation to failure measurements increase from 4.6% to 38.8% over the same temperature range.  Ultimate tensile strength values peak at 77K with an average of 205.5-ksi.

The machined specimens’ results reveal the effect the improper weld penetration has on the bulk specimens.  Comparisons between the 4.2K bulk specimens and the 4.2K machined specimens reveal an improvement in both the elongation to failure and ultimate tensile strength properties for the machined specimens.  The “machined’ specimen’s average UTS values are nearly 80% higher than the bulk specimens, and the average elongation to failure values for the machined specimens are over 400% higher than the bulk specimens.  

The partially machined profile specimens all failed at the location indicated by the arrow in Figure 6.  Due to the irregular profile on the upper surface of the specimen, yield strength and elongation to failure values were not recorded.

For all specimen configurations, material tested at 4.2K experienced serrated yielding possibly caused by twinning occurring in the material.  This event is shown in the 4.2K plots for each specimen configuration.

Charpy impact data appears in Table 2.  Data for room temperature and 4.2K tests do not have a high degree of variability.  Data for the 77K tests range from a low of 11.0-ft*lbs to a high of 17.0-ft*lbs.  Trends in the lateral expansion data support the impact results at 77K.  Specimens with lower impact energies also have lower amounts of lateral expansion.  

RECOMMENDATIONS:
Materials Research and Engineering, Inc. recommends using the data presented in this report as a baseline for comparison for future tests on welded 304 steel sections.  Tension test results indicate that the improper weld penetration significantly affects the tension strength and elongation to failure properties of the welded section.  Future tests should replicate the specimen geometry used in the bulk and machined specimens to ensure a proper comparison of the welded joints.  

Charpy impact results at indicate a high degree of variability at 77K.  Additional tests should be performed at this temperature to obtain a better statistical average, and to confirm the amount of data spread for the material.
Table 1.  Numerical Tensile Data.

[image: image10.wmf]Specimen ID

Configuration

Test Temperature

Area

Yield Strength

Ultimate Tensile Strength

Elongation to Failure

(K)

(in

2

)

(ksi)

(ksi)

(%)

FLUT17

Bulk

4

0.02968

101.7

141.3

9.3

FLUT18

Bulk

4

0.02944

88.5

129.2

1.8

FLUT19

Bulk

4

0.03008

86.9

135.1

2.8

Average

92.4

135.2

4.6

FLUT10

Bulk

77

0.02812

63.1

187.3

22.5

FLUT12

Bulk

77

0.02856

74.0

221.7

29.7

FLUT13

Bulk

77

0.02811

62.9

207.4

19.2

Average

66.7

205.5

23.8

FLUT07

Bulk

300

0.02873

67.6

97.7

28.6

FLUT08

Bulk

300

0.02831

63.7

100.9

46.4

FLUT09

Bulk

300

0.02892

61.9

99.6

41.9

Average

64.4

99.4

38.9

FLUT11

Machined

4

0.02159

86.9

242.3

25.8

FLUT14

Machined

4

0.02189

84.3

235.6

25.6

FLUT15

Machined

4

0.02096

103.2

252.1

27.3

Average

91.5

243.3

26.2

FLUT05

Partial Machined

4

0.03031

--na--

159.8

--na--

FLUT06

Partial Machined

4

0.02948

--na--

163.5

--na--

Average

161.7

FLUT03

Partial Machined

77

0.03073

--na--

150.4

--na--

FLUT04

Partial Machined

77

0.03232

--na--

148.7

--na--

Average

149.6

FLUT01

Partial Machined

300

0.02942

--na--

123.0

--na--

FLUT02

Partial Machined

300

0.03107

--na--

120.1

--na--

Average

121.6
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Figure 10.  "Bulk" Tension Stress Versus Displacement; 4.2K Test; Specimen 17.
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Figure 11.  "Bulk" Tension Stress Versus Displacement; 4.2K Test; Specimen 18.
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Figure 12.  "Bulk" Tension Stress Versus Displacement; 4.2K Test; Specimen 19.
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Figure 13.  "Bulk" Tension Stress Versus Displacement; 77K Test; Specimen 10.

[image: image15.wmf]0

50000

100000

150000

200000

250000

300000

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

Displacement, inch

Stress, psi

FLUT12

FLUT12U

Load pin broke, and the specimen was restarted 

for the UTS value.


Figure 14.  "Bulk" Tension Stress Versus Displacement; 77K Test; Specimen 12.
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Figure 15.  "Bulk" Tension Stress Versus Displacement; 77K Test; Specimen 13.
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Figure 16.  "Bulk" Tension Stress Versus Displacement; 300K Test; Specimen 7.
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Figure 17.  "Bulk" Tension Stress Versus Displacement; 300K Test; Specimen 8.
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Figure 18.  "Bulk" Tension Stress Versus Displacement; 300K Test; Specimen 9.
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Figure 19.  "Machined" Tension Stress Versus Displacement; 4.2K Test; Specimen 11.
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Figure 20.  "Machined" Tension Stress Versus Displacement; 4.2K Test; Specimen 14.

[image: image22.wmf]0

50000

100000

150000

200000

250000

300000

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

Displacement, inch

Stress, psi

FLUT15


Figure 21.  "Machined" Tension Stress Versus Displacement; 4.2K Test; Specimen 15.
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Figure 22.  "Partial Machined" Tension Stress Versus Displacement; 4.2K Test; Specimen 5.
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Figure 23.  "Partial Machined" Tension Stress Versus Displacement; 4.2K Test; Specimen 6.
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Figure 24.  "Partial Machined" Tension Stress Versus Displacement; 77K Test; Specimen 3.
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Figure 25.  "Partial Machined" Tension Stress Versus Displacement; 77K Test; Specimen 4.
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Figure 26.  "Partial Machined" Tension Stress Versus Displacement; 300K Test; Specimen 1.
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Figure 27.  "Partial Machined" Tension Stress Versus Displacement; 300K Test; Specimen 2.

Table 2.  Charpy Impact Data.

[image: image29.wmf]Specimen ID

Specimen Type

Test Temperature

Energy Absorbed

Initial Thickness

Lateral Expansion 

Lateral Expansion 

(K)

(ft-lbs)

(in)

(in)

(%)

#1

Type A

a

300

20.0

0.1000

0.0530

53.0%

#2

Type A

a

300

18.5

0.1000

0.0560

56.0%

#3

Type A

a

300

19.0

0.1005

0.0575

57.2%

#4

Type A

a

300

18.0

0.1000

0.0490

49.0%

#5

Type A

a

300

18.5

0.1000

0.0520

52.0%

Average

18.8

0.1001

0.0535

53.4%

#6

Type A

a

77

11.0

0.0990

0.0230

23.2%

#7

Type A

a

77

17.0

0.1000

0.0310

31.0%

#8

Type A

a

77

16.5

0.0995

0.0365

36.7%

#9

Type A

a

77

11.5

0.1000

0.0260

26.0%

#10

Type A

a

77

12.5

0.0995

0.0285

28.6%

Average

13.7

0.0996

0.0290

29.1%

#11

Type A

a

4.2

17.0

0.1000

0.0300

30.0%

#12

Type A

a

4.2

15.5

0.0995

0.0330

33.2%

#13

Type A

a

4.2

16.0

0.1000

0.0280

28.0%

#14

Type A

a

4.2

17.5

0.0995

0.0295

29.6%

#15

Type A

a

4.2

16.5

0.0950

0.0385

40.5%

Average

16.5

0.0988

0.0318

32.3%

Notes:

a) Subsized Charpy impact test specimen - 0.098-inch thick.
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