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ABSTRACT 

The work reported here was conducted to address issues raised regarding mechanical 
testing of attachment screws described in SAND2005-6036, as well as to increase the 
understanding of screw behavior through additional testing. Efforts were made to evaluate 
fixture modifications and address issues of interest, including: fabrication of 45" test 
fixtures, measurement of the frictional load from the angled fixture guide, employment of 
electromechanical displacement transducers, development of a single-shear test, and study 
the affect of thread start orientation on single-shear behavior. A286 and 302HQ, #lo-32 
socket-head cap screws were tested having orientations with respect to the primary loading 
axis of O", 45", 60°, 75' and 90" at stroke speeds 0,001 and 10 idsec. The frictional load 
resulting from the angled screw fixture guide was insignificant. Load-displacement curves 
of A286 screws did not show a minimum value in displacement to failure (DTF) for 60" 
shear tests. Tests of 302HQ screws did not produce a consistent trend in DTF with load 
angle. The effect of displacement rate on DTF became larger as shear angle increased for 
both A286 and 302HQ screws. 
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I. Background 

The work detailed in this report is a follow-up to the series of experiments presented in 
SAND2005-6036 "Deformation and Failure Behavior of Attachment Screws for the W80 
WES Housing" [l]. Those experiments were conducted as part of the ASC W-4.1 FY04 
abnormal mechanical milestones predictions and analysis to quantify the failure mechanics 
of select machine screws used in the W80-3[21. Screws were tested in loading orientations 
from straight tension (0') to shear (90"), including 30°, 45", and 60" orientations. The 
work reported here was conducted to address issues raised regarding the milestone 
experiments, as well as to increase the understanding of screw behavior through additional 
testing. 

Experiments were performed that addressed some of the recommendations for further work 
which were outlined in [l]. Those experiments included: 

Fabrication and testing of new 45" test fixtures 
Development of a single-shear test 
Testing of#lO screws at 60" and 75' shear 

Additional experiments were performed to evaluate fixture modifications and address 
issues of interest to the present investigators; 

Measure frictional load resulting from the angled screw fixture guide 
Compare electromechanical displacement transducers to optical sensors used in 
previous work 
Develop a single-shear test to compliment the angled shear geometries 
Investigate the affect of thread start orientation on single-shear behavior 

Because significant effort had been expended during previous work, this work focused on 
investigating the areas listed above using two screw materials and two test displacement 
rates. The screws were A286 and 302HQ, #lo-32 socket-head cap, manufactured by B&B 
Specialties. Background on screws manufactured by B&B Specialties is contained in 
Appendix A of SAND2005-6036 [l]. Displacement rates were 0.001 id s  and 10 ids. 
Screws were tested having orientations with respect to the primary loading axis of 0" 
(tension), 45", 60°, 75' and 90" (single shear). 

9 
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2. Experimental Apparatus and Procedures 

2.1. Test Frames 

Tension and angled screw tests conducted under a constant displacement rate of ,001 ids  
were performed on an MTS 880 servo-hydraulic test frame. Force was measured using a 
20 kip load cell, model 380.25, which is integral to the cross head of the frame. 

Tests conducted at a displacement rate of 10 i d s  were performed on a hi h rate MTS 
servo-hydraulic test frame having a static load capacity of 20 kip (20x10 pounds). Force 
was measured using a Kistler quartz load washer, model 9061, calibrated for a 4000 lbf 
range. 

!- 

A 100 kip capacity MTS servo-hydraulic load frame was used for single shear tests under 
constant displacement rate of .001 ids. Force was measured using a MTS load cell, model 
662.10A-09, with a calibrated range of 10 kip. These tests could have been performed on 
the MTS 880, but scheduling made use of the 100 kip frame the logical choice. 

Fixture displacements were measured with several devices. The optical sensors used in the 
milestone work, MTI-2000 Fotonic made by MTI Instruments, were compared to 
differential reluctance transducers (DVRT's), made by Microstrain Inc. The DVRT's were 
used for all subsequent tests from 0" to 75" orientations. A laser extensometer, EIR model 
LE-01, and the DVRT were used for the single-shear tests at .001 i d s  and 10 in/s 
displacement rate, respectively. 

The measurement precision of this work was established by load and displacement 
transducers calibrated in accordance with industry standards using measurement values 
traceable to the National Institute of Standards and Technology (NIST). Load 
measurements for tests run at displacement rates of .001 i d s  were taken directly from MTS 
load cells calibrated in accordance with ASTM E4-03. Typical error recorded at the time of 
calibration is less than 0.25% of reading, with an uncertainty of *0.25% for a confidence 
level of 95%. The force washer used for tests run at displacement rates of 10 ids was 
calibrated at the time of use in accordance with ASTM E4-03 by comparing the force 
washer and charge amplifier system output to a calibrated MTS 20 kip load cell. The 
DVRT displacement sensors were calibrated at time of use by comparing the DVRT and 
signal conditioner system output to a displacement standard calibrated by Lockheed Martin 
Calibration Services in accordance with ANSI/NCSL 2540-1-1994. The EIR laser 
extensometer was calibrated at time of use by comparing the unit output to a LVDT 
integral to the load frame and calibrated in accordance with MTS Procedure FS-CA 2104 
Rev. E. Calibration constants were determined from time of use calibration data by curve 
fitting. Standard deviation of the difference between the recorded data and the calibration 
curve fit varied with the individual sensor system and order of fit, but in all cases was less 
than 1% of full scale. 

11 



2.2. Tension Fixture 

Tension test fixtures are shown in Figure 2.1. These are the same fixtures as used in the 
milestone work, and drawings can be found in [l]. The gage length for a tension test is 
defined by the distance between the bottom of the screw head and the first thread engaged 
in the thread mount. For this work, the gage length was ,200 in, which was maintained by 
placing a spacer between the head mount and the thread mount. The ,200 in gage length 
was determined by the angled shear fixture development that occurred during the milestone 
work [l]. 

- body 

DVRT tip 

Figure 2.1 Tension (0') test fixtures with spacer to set gage length at .200 in. 

2.3. Angled shear fixtures 

The angled shear fixtures used for this work were developed during the milestone effort. 
An angled shear fixture is shown in Figure 2.2, and drawings can be found in [l]. The only 
significant difference between the 45", 60", and 75" fixtures was the orientation of the 
screw and mating face of the two halves. The gage length was maintained at .200 in for all 
angles. One of the questions raised concerning this fixture design regarded how much 
friction force was generated between the guide and the moving half of the fixture. To 
measure the force due to friction, the guide design was modified to carry three load sensors 
distributed around the circumference of the guide. 

@) 

Figure 2.2 Angled shear fixture. (a) Solid model and (b) assembled with force links 
to measure frictional force from guide. 
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Linear DVRT's were used to check the displacement measurements obtained from the 
optical displacement sensors previously employed. Some of the data from the optical 
sensors suggested that the two halves of the fixture could rotate slightly during the test. 
The rotation was not considered to be a problem in terms of screw behavior, but the 
displacement measurement could have been affected since the sensor response can change 
if the angle between the probe and reflecting surface varies from the angle used at the time 
of calibration. The DVRT's are much less sensitive to changes in angle between the fixture 
halves because they have a very small diameter spherical tip that contacts the moving half 
of the fixture. The DVRT's were placed in the same bores designed for the optical sensors, 
as shown in Figure 2.3. 

Figure 2.3 Placement of DVRT's in an angled shear fixture. (a) DVRT, (b) spherical 
tips extending from bore in the fixture. 

2.4. Single shear fixture 

The double-shear tests used in the milestone work had several features that were 
inconsistent with the angled shear tests. The gage length was defined between two shear 
planes, and was not maintained at ,200 in. The screw was not threaded into a mating half 
of the fixture, which in some cases allowed more bending to take place than would have if 
the restraint of a threaded section were present. The lack of threads in the double-shear 
fixture also meant that the rotational orientation of the screw was not constant relative to 
the loading axis. Some of the double-shear test data contained scatter which suggested that 
the rotational orientation could affect the result. A single-shear test was developed to 
address these points. 

Fixtures for the single shear test are shown in Figure 2.4. A commercial fixture, the 
Modified Wyoming shear fixture [3,4] which is a variation of that developed by Iosipescu 
[5], was used to grip two blocks joined by a test screw. One of the blocks contained a 
threaded hole and the other was drilled with a counter bore to provide a .200 in gage 
section, as shown in Figure 2.5. Displacement between the right- and left-hand sides of the 
fixture introduced shear in the screw joining the two blocks. Displacement was measured 
with a laser extensometer at the ,001 i d s  rate, and with a DVRT at the 10 i d s  rate. 



(a) (b) 

Figure 2.4 Single shear screw fixture. The test screw joins two blocks (a) which are 
gripped in a shear fixture (b). The red line in (b) is from the laser 
extensometer used to measure displacement between the two halves of 
the fixture. 

Rotation of the threaded block about the screw axis allowed the affect of thread start 
orientation on single-shear behavior to be measured. Because screw failure is localized 
near the surface of threaded holes, it is reasonable to expect that the local geometry plays a 
role, particularly when a strong shear component is present. In the context of a metal 
cutting operation, the threaded block acts like the knife of a metal shear, while the drilled 
block provides the reaction force. Rotation of the block results in a different knife 
geometry and, consequently, the contact geometry of the screw is different. This type of 
study was not possible with the angled shear fixtures because the thread start orientation 
was fixed (at random) by the tap used to thread the hole. 

I 
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Figure 2.5 Drawing of single-shear blocks showing the threaded half (a) and 
counter bore half (b). 

2.5. Screws from different manufacturing lots 

All screws used in this study were manufactured by B&B Specialties. The A286 and 
302HQ screws tested at 0.001 ids  stroke speed were from lot 76403 and 74409, 
respectively. The A286 and 302HQ screws tested at 10 id s  were from lot 78681 and 7044, 
respectively. Testing showed little variation in behavior between the lots. Results of the 
lot-to-lot comparisons are shown in Appendix A. Certification for screws used in this study 
can be found in Appendix B. 
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3. Results 

3.1. Angled shear fixtures: friction force 

The two halves of the angled shear fixtures were guided by a sleeve in order to maintain 
the intended screw orientation and provide defined boundary conditions for modeling the 
tests. Effects of the guide on measured load, displacement, and fracture surface 
morphology are shown in Figure 3.1. Clearly, the guide had a strong effect on the test 
results. The question, then, regards the origin of those effects. Friction between the guide 
and the fixture may have accounted for the increased force. Consequently, the frictional 
force was measured for 60" and 75" angled shear tests of 302HQ by joining the guide to 
the upper half of the fixture with three small load cells (Figure 2.2). As shown in Figure 
3.2, the frictional force was insignificant. The difference in fracture surface orientation 
between screws tested with the guide and those tested without the guide indicates that 
different failure modes operate with and without the guide. This agrees with arguments 
presented in the milestone report [l]. 

"..--- -.:. ~ = 2000 F 

m m 
0 
J 

..... 1000 

0 10 30x1 O3 
Displacement Cn] 

(a) @) 
Figure 3.1 (a) Load displacement data for # l o 5 2  A286 screws tested at 45" with 

(red) and without (blue) the fixture guide. Stroke speed was 0.0001 ink 
and the screws were preloaded up to 40 in-lb (b). The failure mode of 
the screws tested at 45" changes from slanted fracture surfaces with 
the guide, to nearly flat fracture surfaces without the guide. 
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(a) (b) 
Figure 3.2 Force due to friction between the guide and the angled shear flxtures 

was measured using the force links shown in Figure 2.2. (a) 600 shear, 
(b) 750 shear. 

3.2. Angled shear fixtures: displacement measurement 

Comparison between displacement measurements using optical sensors and DVRT's are 
shown in Figure 3.3. Although the difference was insignificant, the DVRT's were used for 
the remainder of this work. The displacement data shown in Figure 3.3 are the average 
values of the two displacement sensors, which are located opposite each other, 1.00 in 
from the fixture center. A look at the individual signals, shown in Figure 3.4, indicates 
some rotation between the two halves of the fixture can occur during a test, since the two 
displacement traces are not the same. However, using the difference in measured 
displacement and the 1 .OO in offset from center, the angle of rotation was calculated to be 
less than 0.5' at 75' shear. 

2000 

1500 
0 m 
4 1000 

500 

0 
0 5 10 15 25x1 0.' 

Displacement Fn] 

Figure 3.3 Load and displacement data of 750 shear test collected using optical 
displacement sensors and DVRT's. The displacement is the average of 
the two sensor measurements. No significant differences between the 
averaged measurements were observed based on the type of 
displacement sensor. 
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Figure 3.4 Differences in displacement measurements made by the individual 
DVRT's (see Figure 2.3). Similar differences were measured with the 
optical sensors. The screw was from lot 76403 and tested at 750 shear. 

3.3. Single shear: thread start orientation 

Test results showing the effect of rotating the threaded block of the single-shear fixture are 
shown in Figure 3.5. Each 90" rotation of the block resulted in a different contact 
geometry between the screw and the first thread in the block as shown in Figure 3.7, and a 
different load-displacement response. Thread start was defined as the location at the 
surface of a tapped hole where the thread crown of the screw intersects the surface. The 
A286 screws were less sensitive to thread start orientation than the 302HQ screws. 

2500 m 

0 10 3 0 ~ 1 0 ' ~  
Displacement [in] 

( 4  

1500 

1000 c = 
v m 
0 
1 

500 

0 1 
0.00 0.05 0.10 0.15 

Displacement [in] 

(b) 

Figure 3.5 Force-displacement curves from single shear tests of (a) A286 (size 10, 
lot 78681) and (b) 302HQ screws (size 10, lot #7044). Assembly of screw 
and adapter was rotated to change shear plane. 
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The thread start location of angled and single shear fixtures is shown in Figure 3.6. 
Because the reference orientation of the single shear fixture has similar location of thread 
initiation, results from the reference orientation are compared with angle shear test results. 
Figure 3.7 depicts shear failure planes of 302HQ size #10 screws at different orientations. 
Tests were stopped before complete failure of the screws and the threaded adapter was 
removed before taking photos. It is shown in Figure 3.7 that failure initiation positions 
vary from thread root to thread crown under different orientation. 

f 

Figure 3.6 The thread start location of angled and single shear fixture for size # I O  
screws. 

Figure 3.7 Change of shear failure planes by rotation of threaded block. The screws 
are 302HQ size # l o  from lot 7044. Images are representative of replicate 
tests. 
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... .3.4. 286 screws under various loading conditions 

Force-displacement curves of A286 screws (size #lo, lot #76403) tested at ,001 i d s  under 
various loading angles are compared in Figure 3.8. Note that the displacement to failure 
(DTF), measured either as maximum load or maximum displacement, was larger for the 
60" shear tests than for both the 75" shear and 90" shear tests. The milestone work [ I ]  
reported a minimum in DTF values for 60" shear. However, the milestone work employed 
a double shear geometry, and did not test screws at 75". 

Force-displacement curves of A286 screws (size #lo, lot #78681) tested at 10 i d s  rate 
under various loading angles are shown in Figure 3.9. There is no minimum in DTF at the 
60" shear angle. All DTF values at 10 i d s  are smaller than the DTF values for 
corresponding angles tested at 0.001 ids. Figure 3.10 shows the rate effect on force- 
displacement data for each load angle. 

T 

3000 

s I 
u 2000 m 
0 

90" shear 

Displacement [in] 

conditions for A286 (M0-32, lot #76403) screws. Stroke speed 0.001 
inlsec. 

Figure 3.8 Comparison of forcedisplacement curves from various loading 
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Figure 3.9 Comparison of forcedisplacement curves from various loading 
conditions for A286 (#IO-32, lot #78681) screws. Stroke speed 10 inlsec. 
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Figure 3.10 Comparison of force-displacement curves at different stroke speeds 
0.001 and 10 inlsec for A286, #IO-32 screws. Plots for 0.001 and I O  
inlsec are from Figures 3.8 and 3.9, respectively. 



3.5. 302HQ screws under various loading conditions 

Force-displacement curves for 302HQ (size #lo, lot #74409) screws tested at .001 i d s  
under various loading angles are shown in Figure 3.1 1. In contrast to the A286 tests in 
Figure 3.8, there is no monotonic trend in DTF with load angle. 

2500 

F 1500 - 
I 

U 

1Mx) 

500 

0 
0.00 0.05 0.10 0.15 

Displacement [in] 

Figure 3.1 1 Comparison of force-displacement curves from various loading 
conditions for 302HQ (#IO-32, lot #74409) screws. Stroke speed 0.001 
inlsec. 
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Force-displacement curves of 302HQ screws (size #lo, lot #7044) tested at 10 ids rate are 
under various loading angles are compared in Figure 3.12. All DTF values at 10 id s  are 
smaller than the DTF values for corresponding angles tested at 0.001 ids. Figure 3.13 
shows the rate effect on force-displacement data for each load angle. 
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1500 
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Figure 3.12 Comparison of force-displacement curves from various loading 
conditions for 302HQ (#IO-32, lot #7044) screws. Stroke speed 10 
inlsec. 

25 



F 1500 
L 
U 
W 

U 
W 3 1000 3 1000 

10 ink 

0 25 50 75 

500 

0 25 50 75 
Displacement pn] Displacement On] 

(a) Tension @) 45' shear 
2500 

..:. E 1500 
0 a 3 1000 

500 

0 25 50 75 150x10" 
Displacement [in] 

1500 

1000 

500 

0 25 50 75 150x1 0 
Displacement [in] 

(d) 75' shear (c) 60" shear 
2500 

E 1500 
U 
W 5 I000 

500 

0 25 50 75 1 50x1 0.3 
Displacement Dnl 

(e) 90" shear 

26 

Figure 3.13 Comparison of force-displacement curves at different stroke speeds 
0.001 and 10 inlsec for 302HQ, #IO-32 screws. Plots for 0.001 and 10 
inlsec are from Figures 3.11 and 3.12, respectively. 



4. Summary and Conclusions 

Tests ofA286 and 302HQ #lo-32 socket-head cap screws were completed at 0' 
(tension), 45", 60", 75', and 90" (single shear). 

Friction force between the guide and moving half of the 60" and 75" angle shear 
fixtures was measured with three small load cells. The frictional force was 
insignificant compared with total force. 

A single shear test was developed that was consistent with the angled shear tests. 

The affect of thread start orientation on single-shear behavior was measured by 
rotating the threaded block about the screw axis. The A286 screws were less 
sensitive to thread start orientation than were the 302HQ screws. The single shear 
thread start orientation that was most similar to the orientation of the other fixtures 
was used for comparison to the angled shear data. 

The minimum in displacement to failure (DTF) reported in the milestone work for 
A286 #8-32 screws at 60" was not observed with A286 #lo-32 screws using the 
new angled shear and single shear fixtures. The DTF values for 75' shear and for 
90" single shear tests were less than the DTF for 60". 

The effect of displacement rate on DTF became larger as shear angle increased for 
both A286 and 302HQ screws. 

Displacement rate effects were larger for 302HQ screws than for A286 screws. 
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Appendix A 

A.1 Lot-to-lot comparison of A286 # I 0 3 2  screws 
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Figure A.l Comparison of A286 screws from lot 76403 with lot 78681 under various 
loading conditions. (a) Tension, (b) 450 shear, (c) 600 shear, (d) 750 
shear. 



A.2 Lot-to-lot comparison of 302HQ #IO-32 screws 
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Figure A.2 Comparison of 302HQ screws from lot 74409 with lot 7044 under various 
loading conditions. (a) Tension, (b) 600 shear, (c) 750 shear, (d) 900 
shear. 
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Appendix B 

B.l Certified test report for A286 screws, lot number 76403 

PRI Uc. NoWW(alSMEC 17026, PRI UcNo020331 ( a l S O w O 1 ~ n n d A S 9 ! W  Pa@ 1 of1 Revised OiDOo 
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B.2 Certified test report for A286 screws, lot number 78681 
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8.3 Certified test report for 302HQ screws, lot number 74409 

1Y.ttan 11 0140 
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