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ABSTRACT 

The shear punch test was developed in response to the needs of the materials development community 
for small-scale mechanical properties tests. Such tests will be of great importance when a fusion neutron 
simulation device is built, since such a device is expected to have a limited irradiation volume. The shear punch 
test blanks a circular disk from a fiietl sheet metal specimen, specifically a TEM disk. Load-displacement data 
generated during the test can be related to uniaxial tensile properties such as yield and ultimate strength. 

Shear punch and tensile tests were performed at room temperature on a number of unirradiated 
aluminum, copper, vanadium, and stainless steel alloys and on several irradiated aluminum alloys. Recent 
results discussed here suggest that the relationship between shear punch strength and tensile strength varies with 
alloy class, although the relationship determined for the unirradiated condition remains valid for the irradiated 
aluminum alloys. 

INTRODUCTION 

Materials development is continuing within the fusion materials community for eventual application in 
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fusion reactors. It is still not possible, however, using fission reactors, to simulate fusion irradiations with the 

appropriate values of all parameters, Le., spectrum, flux, Hexlpa ratio, etc. While the Advanced Neutron Source 

would provide the appropriate irradiation environment for materials studies, the volume available for materials 

test specimens will still be limited in such a facility. The development of small scale mechanical testing 

capabilities is therefore still relevant and essential. 

Miniature tensile specimens have been used for many years, but the use of even smaller specimens to 

gcnerate tensile data has been considered by many rescarchers. The shear punch test is one such test that was 

developed a number of years ago as a technique for extracting strength and ductility information from TEM 

disks.(') It utilizes a cylintlrical punch with a flat end to punch a hole in a TEM disk. The disk is forced to 

deform primarily in a narrow annular region corresponding roughly to the clearance between the punch and die. 

It has been found cmpirically that thc shear punch yicltl and maxiniiim loads can be correlated with the 

uniaxial tensile yield and ultimate strengths, respectively, and that the displacement at failure can be related to 

reduction in area obtained ig uniaxial tensile tests. The original work led to the development of yield and 

maximum strength relationships that applied to a range of materials. Recent work has suggested, however, that 

the relationship between tensile and shear punch strength varies with alloy class. Current work is designed to 

explore this hypothesis. 



EXF'ER 

Aluminum alloys 

Stainless steels 

Copper alloys 

Vanadium alloys 

h 

8 5052,6061 2 TMTs/alloy* X X 

US.: 316, EI"3 5 TMTs/alloy X 

CuA125, MZC-3, CuHfOz 1 Th4T/alloy X 

V-5Cr-STi, V-3Ti-0.1Si 1 TMT/alloy X 

PRC:" 316L, 316-Ti 2 TMTs/alloy 

ENTAL PROCEDURE 

Materials. Table 1 shows the matrix of materials for the current shear punch/tensile correlation work. 

Where possible, a number of heat treatment conditions were used to increase the strength range over which 

data were obtained. The specimens were fabricated from aluminum alloys by punching, whereas a11 other 

specimens were fabricated by electrical discharge machining. 

Table 1. Materials matrix 

I/ ALLOY CLASS ALLOYS CONDITION 1-11 

'TMT = thermomechanical treatment 
PRC = People's Republic of China .I 

The aluminum specimens were provided by Los Alamos National Laboratory(2) as part of the -- , 
Accelerator Production of Tritium Program (APT). Bolh of the aluminurn alloys (5052 and 6061) were 

provided in the solution annealed (0) condition; in addition, 5052 was cold worked (H38) and 6061 was 

precipitation hardened (T6). The aluminum alloys were irradiated with spallation neutrons in the Los Alamos 

Meson Physics Facility. The U.S. 316 stainless steel was given a variety of thermomechanical treatments, 

including solution annealing, cold working, and aging. The 316 from the People's Republic of China was 

available only in solution annealed and cold worked conditions. The HT9 was tested in a normalized condition 

as well as in four different tempered conditions. The copper alloy MZC-3 is a solid solution and precipitation 

strengthened alloy, while the other two copper alloys are strengthened by a dispersion of alumina or hafnia 

particles. The copper alloys were used in a cold worked condition. The V-5Cr-5Ti (heat BL63) was given a 

vacuum anneal designed to maximize toughness (950°C/2 h/FC) while the V-3Ti-0.1Si (heat BL62) was given 

lhe vacuum anneal used by otllers in lhe fusion program (1 15OoC/1 li/FC). 

Shear punch testin& The shear punch specimens nominally measured 0.25 mm (0.010 inches) thick and 

2.79 mm (0.110 inches) in diameter. Shear punch tests were performed in air at room temperature; in addition, 
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the aluminum alloys were tested in argon at 100°C. Testing was performed in a screw-driven Instron test 

machine at a crosshead speed of 0.1 - 0.127 mm/min (0.004 - 0.005 in./min). Room temperature tests were 

performed in air, while elevated temperature was achieved by resistance heating in an argon-filled, insulated test 

chamber. Specimen displacement during a test was assumed to be equal to crosshead travel. Ten tests were 
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done for each of the four unirradiated aluminum alloy conditions at both room temperature and 100°C. One or 

two tests were done for each of the four neutron irradiated aluminum alloy conditions at both room temperature 

and 100°C. Only two or three shear punch tests were done for every other alloy condition, partially due to the 

availability of materials, and partially due to the reproducibility exhibited in the aluminum tests. Other details 

related to the shear punch testing are provided 

Uniaxial Tensile Testing, The tensile specimens were fabricated from sheet measuring nominally 0.25 

mm (0.010 in.) in thickness. The aluminum specimens were nominally 18 mm (0.710 in.) in gauge length and 3 

mm (0.120 in.) in gauge width. All other tensile specimens were nominally 5 mm (0.2 in.) in gauge length and 1 

mm (0.040 in.) in gauge width. Tensile tests were performed in air at room temperature: in addition, the 

aluminum alloys were tested in argon at 100°C. Testing was performed at strain rates that varied from 1 x lo4 
sec-' €or the smaller specimens to 5 x lo4 sec'l for the larger specimens. Displacement was assumed to be 

equal to crosshead displacement and load was monitored with a standard load cell. 

Ten tests were done for each of the four unirradiated aluminum alloy conditions at both room 

temperature and 100°C. Two tests were done for each of the four neutron irradiated aluminum alloy conditions 

at both room temperature and 100°C. Only two or three tensile tests were done for every other alloy condition, 

partially due to the availability of materials, and partially due to the reproducibility of the tensile tests. Other 

details of the tensile tests are described elsewhere.(4J) 

RESULTS AND DISCUSSION *- > 

The average strengths determined from the tensile and shear punch tests are given in Tabies 2 and 3. 

The shear punch strengths were determined for both yield and maximum conditions according to r -= P/(2mt), 

where r is the shear punch stress, P is the load, t is the average specimen thickness, and r is an effective radius 

defined as the average of the punch and blanking radii. The load value for the shear punch yield strength was 

detcrmined at the point where the load-displacement trace deviated from linearity. The shear punch test 

produces a stress state that is not pure shear, and the shear punch strengths cannot truly be considered to be 

shear yield and shear maximum strengths.(') They will be referred to here as shear punch yield and maximum 

strengths. 

Figures 1 and 2 show the average shear punch data versus the average tensile data for the aluminum 

alloys.(2) The data clustered in the lower left quadrant of these two figures were obtained on the annealed 

alloys, while the data clustered in the upper right quadrant were obtained on the strengthened alloys. The data 

appear to cluster fairly linearly, consistent with earlier work on shear punch testing.(') The difference between 

properties observed at room temperature and at 100°C was minimal. Only minor changes in shear punch or 

tensile strength were observed following neutron irradiation. 

Regression lines fit to the aluminurn alloy data in Figures 1 and 2 were of the form u = Cr + K, where 

u is the uniaxial tensile stress and r is the shear punch stress. The constant K was allowed to vary since the 
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Table 2. Average shear punch and tensile data on unirradiated material 

ALLOY 
SHEAR PUNCH TEsrs TENSILE TEsrs 

YIELD (MPa) MAXIMUM (MPa) YS (MPa) UTS (MPa) 
TMT' 

Unirndiatec 

6061 

Aged + C 
W 

SA 

5052 

363 549 694 778 

143 462 265 597 

US 316 

cw 
SA 

cw 

PRC 316L 

354 532 686 774 

132 482 291 653 

388 601 827 952 

PRC 316-Ti 

N + T  

N + T  

N + T  

N + T  

1-IT9 

46 1 66 1 844 1017 

331 554 606 800 

306 527 529 733 

295 514 506 704 

CuA125 

CuHfO, cw 
cw MZC 

217 288 482 526 

, 202 263 465 512 

V-5Cr-STi 

5052 

V-3Ti-0.E 

T6 122 182 2.59 305 

0 83 146 104 215 

H38 137 178 285 31.5 
> 

N I 432 I 636 I 768 I 932 

169 I 258 r- 450 - 1  515 

270 I 372 614 I 643 

199 I 273 I 419 I 462 

Unirradiated, tested at 100°C 

606 i 0 I 45 I 00 I 62 I 129 

'TMT = thennomechanical treatment; 0 = annealed; T6 = precipitation strengthened condition; H38 = strengthened condition; 
SA = solution annealed; CW = cold worked; N + T  = normalized and tempered 
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Table 3. Average shear punch and tensile data on irradiated material 
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Figure 1. Average tensile yield versus shear punch 
yield strength for unirradiated and neutron irradiated 
alloys 5052 and 6061, with the regression line for the 
data from unirradiated specimens. 
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Figure 2. Average tensile maximum versus shear punch 
maximum strength for unirradiated and neutron 
irradiated alloys 5052 and 6061, with the regression line 
for the data from unirradiated specimens. 
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data do not lie on a straight line that goes through the origin. This phenomenon is somewhat counterintuitive, 

since it is reasonable to assume that such a relationship should go through the origin. Lucas et al.(') ascribed 

this discrepancy to frictional loading between the specimen, punch, and die. Since there is no apparent 

distinction between the aluminum alloy data obtained at room temperature and at 100°C, all the data obtained 

in the unirradiated condition were used to generate the equations uy = 2 . 6 ~ ~  - 73 and a, = 2.17, - 67 for the 

yield and maximum load conditions, respectively, where both 0 and T are in MPa. The r2 values for both of 

these regressions were 0.98. 

Figure 3 compares the miniature ultimate tensile strength data and shear punch maximum strength data 

with ultimate strength data obtained from full size specimens and shear data obtained on full size torsion 

specimens for a wide variety of aluminum alloys, ranging from the 1000 to the 7000 series, that are strengthened 

by a number of different mechanisms.@) All the alloys a'ppear to obey a similar relationship between maximum 

shear punch and tensile strength. The data obtained in the current study on miniature specimens appear to 

obey a similar relationship. The coincidence of the full size and miniature specimen data sets suggests that the 

deformation mode of the shear punch test may be dominated by pure shear. A different regression line is 

obtained by fitting only the data from full size aluminum alloys, Le., om = 1.77, - 8. Note that this relationship 

effectively intersects the origin, as might be expected. 

700 I 

Miniature Full Sue 
(shear punch) , torsion 

Aluminum alloys other 
than 5052 and 6061 

0 e 5052 
6061 

600 

- - 
500 - - 

6 
n. - 
m - 
m 
g 400 

3 - 

ti 

E 

- - 
0)  - - - - 

300 1 z - - - - - 
200 - - - - - 
100 - - 

* - - - 
I l l l t l l l t l l l ~  

Maximum Shear Punch Stress (MPa) 

0 

snmun.6 

Figure 3. Maximum tensile and maximum shear punch strength 
data obtained on full size specimens of a number of aluminum 
alloys (Reference 2). 
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The shear punch and miniature tensile data are shown for the U.S. stainless steel data in Figure 4. The 

yield strength data for the two U.S. alloys appear to coincide, as do the maximum strength data. This is 

somewhat surprising, since both are stainless steels, but 316 is an fcc alloy and HT9 is a bcc alloy, and they 

therefore have different deformation characteristics. The regression lines corresponding to the U.S. 316 and 

HT9 data, shown in the figure, were determined to be cry = 1.77 + 29 and (T, = 2.27, - 425 for the yield and 

maximum strengths, respectively. The shear punch and tensile data obtained on the Chinese 316 steels are 

superposed on the regression lines for the U.S. steels in Figure 5. The data from the Chinese steels are 

reasonably consistent with the data from the U.S. steels. 

,' 

Y 

The aluminum and stainless steel data from the miniature specimen tests are shown together in Figure 

6. The yield stress data from the aluminum alloys overlaps the yield stress data from the stainless steels to some 

extent. The maximum strength data from the aluminum-alloys, however, does not overlap the maximum 

strength data from the stainless steels, and does not appear to be consistent with it unless the latter exhibits a 

change in slope at the lower stress levels that is not visible in the current data set. 

Figure 7 shows the maximum strength data obtained on the miniature copper alloy specimens as well as 

the maximum strength data obtained on full size specimens of copper-zinc alloys that ranged from 5 to 35 

weight percent zinc.(6) In this composilion range, zinc is fully soluble in copper. Note that the full size 

specimens were again probably tested in torsion. While it is possible to fit a straight line to the maximum 

strength data on Cu-Zn alloys in Figure 7 (a, = 2.97, - 335), such a line does not pass through the origin. 

Closer inspection of the data suggests that a curvilinear fit might be more appropriate. The strength range in 

the shear punch data in Figure 7 is not wide enough to allow a reasonable regression line to be fit for the 

maximum strength behavior, but the data from the subsize specimens are not too different from the data from 

the full size Cu-Zn specimens. 

The shear punch data from the copper alloys are shown with the stainless steel and aluminum data in 

Figure S, in which it is clear that the copper alloy data do not coincide with either of the other two. The shear 

punch data on the vanadium alloys are shown in Figure 9 with the stainless steel and the'aluminum data. There 

does not appear to be any overlap between the vanadium alloy data set and any other, although the strength 

range in the data is wide enough to allow a straight line connecting the two points to provide approximate values 

for C and K (a,, = 2 . 8 ~ ~  - 129 and (T, = 1 . 8 ~ ~  - 38 for the yield and maximum strengths, respectively). 

The constants C and K are compared in Table 4 for the data sets discussed above. The data are 

ordered by increasing slope (Le., increasing value of C) for lhe maximum strength. There is a range of values 

observed for both C and K. ,The values of the slope C range from 1.7 to 2.8 for yield and 1.8 to 2.9 for 

maximum stresses; although this is a relatively small variation, there may be some systematic variation between 

alloy classes. On the other hand, where larger amounts of data are available (e.g., stainless steel and aluminum 

alloys), the variation is somewhat smaller (1.7-2.6 for yield and 2.1-2.2 for maximum stresses). Hence, part of 

the difference may be due to uncertainties in the fit parameters due to the size of the data base. The variation 
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Figure 4. Average tensile versus shear punch strength for stainless steel alloys with the regression line for the 
data on the U.S. steels. 
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Figure 5. Average tensile versus shear punch strength for PRC 316 stainless steel alloys with the regression line 
for the U.S. data. 
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Figure 6. Average tensile versus shear punch strength for aluminum alloys 6061 and 5052, with tbe comparable 
data from 316 and HT9. 
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Figure 7. Average tensile versus shear punch strength for copper alloys CuA125, MZC-3 and CuHfO,, with the 
comparable data from full size specimens of Cu-Zn. 
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Figure 9. Average tensile versus shear punch strength for vanadium alloys V-SCr-STi and V-3Ti-O.lSi, with the 
comparable data from the aluminum alloys and from 316 and HT9. 
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Table 4. Regression constants for u = CT + K 

(')Not enough data for a regression; simply the line connecting the two data 
(*)Insufficient data to fit a reasonable straight line 

points 

in offset parameter K is larger: -129 to 29 for yield and -38 to -425 for maximum stresses. As noted earlier, 

there have been some suggestions that this offset may in part arise from punch-specimen-die friction. In earlier 

work('), this offset was subtracted out of the shear punch loads in developing a relationship between shear 

punch and uniaxial stresses. When the offset values are subtracted out by alloy group for data in this study, the 

result is a better overlap of the data, as shown in Figure 10. The slopes of the curves in this figure are 1.8 for 

yield and 2.2 for maximum stresses, versus the values of 1.9 and 1.6 respectively, that were obtained in the 

earlier work. Hence, there may be some merit in better understanding the source of this offset to permit more 

universal correlations to be developed. 

CONCLUSIONS 

Previous research on thc applicability of the shear punch test suggested that the shear punch strength 

data from different alloy classes when viewed in aggregate could be linearly correlated with uniaxial strength. 

The current work investigated this correlation over a wider range of alloy classes. Distinctly different 

relationships were observed in the relationship between shear punch and uniaxial tensile strength for different 

alloy classes, although when the various data sets were adjusted by the offset parameter, K, a better overlap of 

the data was achieved. More testing should be done over a wider variety of material strengths to ascertain the 

source of these differences apd to develop correlations that account for them. 
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