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1.0 INTRODUCTION: 

This NSTX Report summarizes the R&D efforts which have been performed in 
support of the CenterStack design. Various design issues were investigated 
including insulation schemes and teliable coil electrical joints. These tests wem 
performed at both PPPL and “Cryogenic Materials Inc.” (CMI), au outside 
consulting firm. A copy of CMI’s final report is in Appendix. This report will 
review those activities which were performed at PPPL. A review of the findings 
from both reports will be discussed in the conclusion of this report. The R&D tests 
which are described in this report include: 

a. Insulation Shear Tests 

b _ Insulation Electrical Tests 

c. OH Joint Development Tests 

d. TF Joint Load Tests 

e. TF Joint Insert Pull Out Tests 

f. OH Conductor Keystone Tests 

g. Winding Tension vs. Insulation Compression Tests 

2.0 INSULATION SHEAR TESTS 

The purpose of these tests was to evaluate the shear characteristics of the insulation 
schemes being proposed for the NSTX Center Stack coil bundle. Insulation shear 
tests were performed at both PPPL and “Cryogenic Materials Inc.” (CMI), an 
outside insulation consultant company. Only PPPL’s test data will be presented in 
this report. CID’s results will be discussed in the conclusion of this report. 

Maximum Calculated Insulation Shear Stress 

TF Coil 2ooO psi 
OH Coil 1000 psi 

2.1 Insulation Schemes 

a. TF Coil Turn Insulation 

Two (2) insulation schemes were investigated for use as the turn insulation in 
the Center Stack TF coil. These insulation products were “GE’s Fusa-Fab and 
“Composite Technology Development Inc.” CTD- 112P insulation, both pre- 
impregnated (B-stage) tapes. Description of these insulation’s follow. 



CTD-112P Pre-impregnated Tape 

Resin Type: TGDM epoxy, aromatic amine cure agent ’ 
Composite Technology Development (CID), Boulder, Co 

Glass tape: S-2 ( satin weave) std. silane finish 
Temperature Class: 180° C 
Nominal Thk.: 0.0075 in. (0.19 mm.) tape 
Nominal Width: 1.0 in. tape 
Supplier: Insulating Materials @MI), Schenectady, NY 

IMI Fusa-Fab (76590P) Semi-Cured Polyester Treated Glass Tape 

Resin Type: Polyester 
Glass Tape: E-glass cloth 
Temperature Class: 180’ C 
Nominal Thk.: 0.006 in. (0.152 mm.) tape 
Nominal Width: 1.0 in. tape 
Supplier: Insulating Materials @MI), Schenectady, NY 

b. OH and PF Coil Turn Insulation 

Only one (1) insulation product was tested for use as the turn insulation in the 
Center Stack OH and PF coils This product was CTD-112P/ with Kapton. 

CTD-112P Pre-impregnated Glass/Co-wound with Kapton 

Resin Type: TGDM epoxy, aromatic amine cure agent 
Composite Technology Development (CID), Boulder, Co 

Glass tape: S-2 ( satin weave) std. silane finish 
Temperature Class: 180’ C 
Nominal Thk.: 0.0075 in. (0.19 mm.) tape 
Nominal Width: 1.0 in. tape 
Barrier: Kapton 
Nominal Thk.: 0.002 (0.05 mm) 
Nominal Width: 1.0 in. tape 
Supplier: Insulating Materials (IMI), Schenectady, NY 

C. EauiDment Listing: 

. MT’S 10 KIP Servo Hydraulic Testing Machine (property No. PO7213 

. Machine Load Cell (Mod. No. 661.2lA-Ol/ SN 1273 

. Revere Load Cell -for horizontal loading (Mod.No. CPl-25-A/ SN 965462- 
W 

. Love Temp. Controller (Mod.No. 15 l-786-7 18/ SN 8 1286-4) 

. Biddle Thermocouple Test Set -Mark II (SN 82369) 

. Fluke 8060A Multimeter (SN 3020080) 
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l HP X-Y Recorder (Mod. 7046A/ SN 1914AO6544) 

l MTS Controller (Mod. No.436/ SN 865) 

2.2 Specimen Preparation: 

Two (2) types of test specimens were manufactured for use in the insulation tests. 
These are shown in Figures 2-l and 2-2. 

a. 

b. 

Swimen Substre Specimens were cut from l/8 inch thick ETP 110 copper bar. 

. ate Pre~arat~an; Substrate surfaces were cleaned, degmased and the 
insulation contact faces sandblasted. 

C. Primer: A thin layer of primer was applied by brush to the sandblasted surfaces 
which would be in direct contact with the insulation. A product of “Ciba-Geigy 
(UK) Limited Plastics Division, “DZ-80-1” was used as the conductor primer. The 
samples were then allowed to air dry prior to proceeding. 

d. Jnsulation; The insulation being tested was applied in layers onto the prepared 
substrate surfaces. (Refer to specific test sections for description of insulation 
schemes) 

2.3 Double Lap Shear Tests 

a. . *imen Prenaratt~ 

Figure Number 2-l shows the details of the double lap specimens. Three (3) layers 
of pm-impregnated insulation were applied between the prepared (section 2.2) 
copper plates to form the test specimens. These specimens were oven cured to 
manufacturers prescribed cure cycle (time vs. temperature). The specimens were 
compressed 10% of their nominal insulation thickness prior to the cure cycle to 
enhance their shear strength. The samples were monitored for temperature during 
the cure cycle. 

************************************************************************ 

Cure Cycks 

CTD-112PandCTD-112PwithKanfpn 

Ramp up to 177OC in (1) hour 
Hold at 177OC for 2 hours 
Ramp up to 2OOOC in (1) hour 
Hold at 200°C for 6 hours 

Fusa-Fab 

Ramp up to 1 50°C for (1) hour 
Hold at 150°C for (1) hour 

* Air cool all specimens to room temperature while in mold 

************************************************************************ 
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Figure No. 2-1 
Double Lap Shear Specimen 

b. The double lap shear specimens were tested on a MTS 10 KIP Servo Hydraulic 
Testing Machine. A machine load cell was utilizxl to monitored the tensile load 
applied to the specimen and the results were recorded on a HP X-Y recorder. The 
shear test results are shown in tables 2-l thru 2-3. 

Table No.2-1 
DOUBLE LAP SHEAR TEST RESULTS (TF Coil Insulation) 

Insulation Tested: CID-1 12P without Kapton (3) layers 
&z$ Descrintion: Samples were compressed 10% of nominal insulation thickness during 

cure cycle. (177°C for 2 hours and 200°C for 6 hours) 
Da&: Test 2./12/97 

Information 

- ---I_ - -. 
I 2 hrs.@ 1: 

-. 
6 hrs.@ 2( m 

ti”c I 

--_. . ---- . -- -- Inter-laminar 
9 6hrs.Q 2( 100 I 1630 I -- -- 3260 Inter-laminar 
10 6 hrs.@ 200°C 100 640 1280 Inter-laminar 
11 6 hrs.@ 2OOOC 100 2110 4220 IIlter-laminar 
12 6 hrs.@ 2OOOC 100 520 1040 Inter-laminar 

* Room Temperature 21.7OC (7 l°F) 
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Table No.2-2 
DOUBLE LAP SHEAR TEST RESULTS (TF Coil Insulation) 

, . 
I- * CTD-112P without Kapton (3) layers . . 
Test Descrrpgnn : Samples were compressed 10% of nominal insulation thickness during 

cure cycle (177OC for 2 hours and 200°C for 6 hours). 
Test u22M7 
I Snecimen I Cure Shear 1 Shear 1 Type of I 

I I Specimen 
Information Temu. I ‘Load 1 Load F-ajlure I 

__--_- ~-- 
I II...cfi3Mo(-J 239 * 31f- 

‘C 2319 * 

23.9 * 1310 I 2620 _ __--_ - --_ I i 
Ll..." 32 a * 122l-l I 

I) k 9 
-lot I 100 I 1335 I 2670 I --mer-lami 9 6hrs.a - ---I- - 

--. 
2oC - . -__ . 

10 6 hrs.@ 2OOOC I 60 I 

L&-TV ,  ~080 Cu & Inter-laminar 
10 I 1820 I Cu C Inter-laminar 

12 1 6hrs.@200°C I 60 I 
l? I 6 hrs-@ 200°C , LJ.7 I r, ; 

-- m -_-- --- 
c)‘1 n * I 13/ln I 3AQC\ n.. L T..&,, I.-.-:m..r 

_ __-__ - --- - 

Lh- /A ‘)MOP I 32 a * I i3in I 343n rL. 

I ;z 
, ” 1113.c &t/u 
I6hrs.@200’ 

I 
- . - ~~~~- 1c I /;kGh3MoC 23.9 * 134” I 3C 23.9 * 1220 I 

* Room Temperature 23.9OC (75OF) 

Table No.2-3 
DOUBLE LAP SHEAR TEST RESULTS (TF Coil Insulation) 

Insulation Tested; Fusa Fab without Kapton (3) layers 
Test Descritdon: Samples were compressed 10% of nominal insulation thickness during 

cure cycle. 
Test Date: 

I 
Specimen 

ID No. I Information 
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2.4 Shear/Compression Tests 
. . a. &&men Prep- 

Figure Number 2-2 shows the &tails of the shear/compression specimens. Three 
(3) layers of pm-impregnated insulation were applied between the copper plates to 
form the test specimens. These specimens were cured in an oven to their prescribed 
cure cycle (See section 2.3a for insulation cure cycles). The specimens were 
compressed 10% of their nominal insulation thickness prior to the cum cycle. This 
was done to enhance the shear strength of the samples. The samples were 
monitored during the cure cycle for temperature.. 

A- ‘nsu’ation 

Figure No. 2-2 
Shear/Compression Test Specimen 

b. The Bi-axial shear snecimens were tested on a MTS 10 KIP Servo Hydraulic 
Testing Machine. Two (2) specimens were held in a future which allowed both 
shear and side compressive loads to be applied. Load cells were utilized to monitor 
the loads applied to the specimens. The shear loads were recorded on a HP X-Y 
recorder. Heat was applied using a heat lamp and a Biddle thermocouple test set for 
monitoring temperature. The Bi-Axial Shear test results are shown in tables 2-4 
and 2-5. 



Table No. 2-4 
BI-AXIAL SHEAR TEST RESULTS (‘IF Coil Insulation) 

CID-1 12P without Kapton (3) layers 
Samples were compressed 10% of nominal insulation thickness prior to 
cure cycle (177OC for 2 hours and 200°C for 6 hours) 

.-- . 
iO0 I I 

4 
9 
10 

* Destructive load 

jO0 
2625 I I 

:ii 
60 

22 2625 5250 fin 
3 310( ---- . 

2000 I 60 
1000 c;n 

i 6200 20 I 66 
3100 6200 
3525 7050 
3525 7050 1000 I iii I 

Table No. 2-5 
BI-AXIAL SHEAR TEST RESULTS 

(OH/PF Coil Insulation) 

Jnsulation Tested; CID- 112P with Kapton 
(1) layer CID-112/w Kapton 
(1) layer CID-112 
(1) layer CID- 112/ w Kapton 

Test ~es~riptim: Samples were compressed 10% of nominal B-stage insulation thickness 
prior to cure cycle (177OC for 2 hours and 2oO°C for 6 hours) 

ecimen 1 

* Destructive load 

7 
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. c. The -Shear Tes& were conducted on a MTS 10 KIP Servo 
Hydraulic Testing Machine. Two (2) specimens were held in a future which 
allowed both shear and side compressive loads to be applied. The side compressive 
load remained constant while the shear load was cycled to represent operational life. 
Load cells were utilized to monitor the loads applied to the specimens. Heat was 
applied using a heat lamp and a Biddle thermocouple test set for monitoring 
temperature. The Bi-Axial Shear test results are shown in tables 2-6 and 2-7. 

Table No. 2-6 
SHEAR/COMPRESSION FATIGUE TEST RESULTS 

(TF Coil Insulation) 

Jnsulation Teskk CID-1 12P without Kapton (3) layers 
Test Description: Samples were compressed 10% of nominal insulation thickness prior to 

cure cycle (177OC for 2 hours and 200°C for 6 hours) 

Table No. 2-7 
SHEAR/COMPRESSION FATIGUE TEST RESULTS 

(OH/PF Coil Insulation) 

Insulation Teste& CTD- 112P with Kapton 
(1) layer CID- 1lU w Kapton 
(1) layer CID-1 12 
(1) layer CID- 1124 w Kapton 

. . Test Descm : Samples were compressed 10% of nominal insulation thickness prior to 
cure cycle (177OC for 2 hours and 200°C for 6 hours) 
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3.0 INSULATION ELECTRICAL TEST RESULTS 

AC and DC electrical tests were performed on the CID-1 12P insulation to verify its 
dielectric integrity. Copper bars were insulated with three (3) half-lapped layers of 
CID-1 12P pre-impregnated insulation. These test specimens were cured with a lo- 
12% compression of the nominal thickness of the insulation using the 
manufacturers recommended cure cycle. (2 hours at 177OC and 6 hours at 2OOOC) 

3.1 DC Hi-pot Tests 

These tests were performed using a “Von” 100 KV DC Test Set (model No.E-l/ 
Serial No. 760501). 

Table No. 3-8 
DC HI-POT TEST RESULTS 

___ -- -- . 

arA-TPB I 22 I 0 I 
12 n 

Dii.lfi'lKLS 

t Bs trA-TPF 
BarA-TPG 
RirA-TPH 
--_- 

-- -- 
BarA-TPI 
Bal fx- II .I 

I, 

16 
19 
19 
23 
3A *” 

I 

6:; 
3/3/Y I 

I 313197 
0.1 313197 
0.1 31319 
0.1 3,319: 

I I 0.1 3/3/97 
Breakdown IBarBtoBarC#l 1 13 1 1 

. . - 
_ --‘da 

r B- TP#3 
IB~~B-TP#~ 

BarBtoBarC#2 1 
Bar B- TP#l I 
BarB-TP 
Ba 

13 
4 
10 

13 
8 

I Breakdown 
I Breakdown 

zakdown 
1 Breakdown 

. 
Breakdown I Sinr 
Bl 

Sin@e pt. location 
;le pt. location 

Single pt. location 
Single pt. location 
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3.2 AC Hi-pot Test Results 

These tests were performed using a “Peschel” 60 kV AC Hipot test set (model no. 
CT-60- lOY/ serial no. 603OA/ PO7504) 

3.3 DC Meggar Tests 

DC Megger tests were performed on an uncured insulation specimen to verify the 
test level to be performed on the TP coil quadrants after assembly and prior to heat 
cure. Three half-lapped layers of CTD-112P pm-impregnated insulation were 
applied to a copper test bar. This test specimen remained uncured during testing. 
These tests were performed using a “Biddle” 5 kV DC Megger test set (cat.no. 
210400/ serial no. 75-2736) 

Table No. 3-9 
DC MEGGER TEST RESULTS 

4.0 OH COIL JOINT DEVELOPMENT TEST RESULTS 

A variety of OH coil joint designs were fabricated and tensile tested determine the 
most reliable design. The general requirements for the OH coil joint were: 

a. Joint must allow current to continue from one coil layer to the next. 

b . Each conductor (2 per layer) needed to be cooled separately. 

c. Low temperature joining methods needed to be utilized to minimize any annealing 
of the copper conductor in the joint area due to the calculated coil stresses of 
(20,000 ksi) 

4.1 Specimen Preparations 

Test specimens were manufactured using both ETP and CDA 104 copper bar. Each 
conductor was cleaned and degreased with no additional surface preparation. The 
following section describes the various joint designs and the results from the static 
and fatigue tests. 

10 



4.2 Soft-Soldering/TIG Brazing Operation 

a. The majority of the test joints were made using 96% Tin/ 4% Silver soft-solder, 
which has a melt temperature of 430’F. The copper specimens were pm-tinned 
using the 96/4 solder with the assistance of “Stay Clean”, a liquid flux. (product of 
“J.W. Harris”) 

b. TIG brazing was utilized to provide additional strength in conjunction with the 96/4 
solder. Helium was used as the shield gas and Sil-Fos (BCuP-5) the braze material. 

c. During the soldering and brazing operations, extreme care was taken to minimize 
the time that the heat was applied to the copper conductor. The brazing operations 
took approximately 7-10 seconds. Thermocouples were utiliizd to monitor the 
temperature gradient in the joint area. 

4.3 Description of OH Coil Joint Types 

a. TYPE I JOINT 

This joint had a four (4) inch overlap of conductors with square cut ends. The conductors 
were joined using 96% Tin/ 4% Silver soft solder and liquid flux. 

Specimen #l 

I I 
I I 

Figure 4-3 
Type I OH Joint Specimen 

b. TYPE II JOINT 

This joint had a four (4) inch overlap of conductors with square cut ends. The conductors 
were joined using 96% Tim/ 4% Silver soft solder and liquid flux. Two (2) steel clamps 
were installed to help secure the conductor ends. 

Specimen #2 

I 
iz. ’̂ 
‘,’ .<: if 

ii’ 

Figure 4-4 
Type II OH Joint Specimen 
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c. TYPE III JOINT 

This joint had a four (4) inch overlap of conductors with chamfer cut ends. The conductors 
were joined using 96% Tin/ 4% Silver soft solder and liquid flux. 

Specimen #3 

I 
I 

Figure 4-5 
Type III OH Joint Specimen 

d. TYPE IV JOINT 

This joint had a four (4) inch overlap of conductors with chamfer cut ends. The conductors 
were joined using 96% Tin/ 4% Silver soft solder and liquid flux. Two (2) steel clamps 
were installed to help secure the conductor ends. 

Specimen #4 

I 
I 

Figure 4-6 
Type IV OH Joint Specimen 

e. TYPE V JOINT 

This type joint was tested with varying overlaps and chamfer end cuts. Varying length 
0.032 in. thick copper plates were soldered on both sides of the joint area. The conductors 
including the side plates were joined using 96% Tin/ 4% Silver soft solder and liquid flux. 

Specimen #5 Four (4 ) inch overlap 
Specimen #6 Two (2) inch overlap 
Specimen #9 Five (5) inch overlap 

Figure 4-7 
Type V OH Joint Specimen 
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f. TYPE VI JOINT 

This joint had a four (4) inch overlap of conductors with chamfer cut ends.,.Thme (3) inch 
long 0.032 inch thick copper plates were soldered on both sides of the joint area. The 
conductors including the side plates were joined using 96% Tin/ 4% Silver soft solder. 
Two (2) steel clamps were installed to help secure the conductor ends. 

Specimen #7 

Figure 4-8 
Type VI OH Joint Specimen 

g. TYPE VII JOINT 

This joint had a four (4) inch overlap of conductors with chamfer cut ends. The conductors 
were joined using 96% Tin/ 4% Silver soft solder. A Sil-Fos TIG braze tack was made at 
each end of the conductor. 

Specimens #8, 10, 11 and 12 
Specimen # 13 Small TIG brazes at each end 
Specimen # 14 Small TIG brazes and longer chamfer at each end 
Specimen # 16 Conductor had coolant hole through braze area 
Specimen # 17 No silver solder. TIG braze only. 
Specimen # 18 Full TIG braze and longer chamfer at each end 

I 
1 

Figure 4-9 
Type VII OH Joint Specimen 

h. TYPE VIII JOINT 

This joint had a four (4) inch overlap of conductors with chamfer cut ends. It was made 
using Sil-Fos TIG braze tacks at each end of the conductor with two (2) additional tacks on 
one (1) side and one (1) tack on the other mid-span. No soft-solder was used. 

Note: This joint was made to test the mechanical integrity of the TIG braze tacks. No 
current carrying capabilities were considered in these tests. 

Specimens # 19 and 20 

Figure 4- 10 
Type VIII OH Joint Specimen 
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Table No. 4-10 
STATIC TEST RESULTS- OH JOINT ‘ 

Specimen 
ID No. 

1 

i 
4 

z 
7 

; 
10 

:: 
13 
14 

15 * 

:7” 
18 
19 
20 

Joint 
Type 

I 
II 

E 
V 
V 
VI 
VII 

& 

E 

zi 
---em 

zi 
VII 

Destructive Conductor Ultimate Location 
Load (Lbs) Area (in.‘) Strength of 

Failure 

3940 

:z 
4780 
3660 

3E 
6680 

:lEi 

Ei 
7260 
5750 
7560 
7660 
3340 
6250 
5880 
5500 

_---__ 
------ 
------ 
___-__ 
------ 
------ 

0.1875 
0.1875 
------ 

0.1875 
0.1875 
0.1875 
0.1875 

------ 
0.1875 
0.225 
------ 

0.1875 
------ 
------ 

------ 
------ 
------ 
------ 
------ 
------ 

40,000 
35,627 
_-____ 

32,000 
32,000 
32,640 
38,720 
------ 

39,250 
34,000 
----- 

33,467 
31,956 
------ 

Joint 
Joint 
Joint 
Joint 
Joint 
Joint 

Conductor 
Conductor 

Joint 
Conductor 
Conductor 
Conductor 
Conductor 

Joint 
Conductor 
Conductor 
TIGBraze 
Conductor 
Conductor 
TIG Braze 

* Bar #15 was an uncut copper bar with no joint. It was heated in oven @ 2OOOC (392OF) 
for 8 hours with no joint. 

Note: No side restraints were used during testing of specimens. 

4.4 Summary of Static Test Results 

14 



4.5 Fatigue Tests of OH Joint 

Fatigue tests were performed on the Type VII OH Joint design using‘the “MTS 100 
KIP Servo Hydraulic Testing Machine”. The joints were cycled under load until 
failure to represent normal operating conditions. Other equipment utilized in these 
tests were: 

a. Machine Load Cell (model 661.23A-02/ serial no. 261) 

b. MTS Controller (model no. 442./ serial no.661) 

c. MTS Digital Function Generator (model no. 410/ serial no. 27030903) 

Table No. 4-11 
FATIGUE TEST RESULTS-OH TYPE VII JOINT 

Note: Joints were restrained with side clamps (loosely held) to minimize moment in joint. 

* Measured prior to start of cyclic test 
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5.0 TF COIL JOINT LOAD TESTS 

A series of tests were performed to investigate the integrity of the p;oposed TF coil 
joints under load conditions. A full size copper joint was fabricated for this 
purpose. 

5.1 Joint Resistance Tests 

This test was performed to determine the current distribution through a typical TF 
joint with a single point feed and return. A power supply was utilized to flow 100 
amperes of current through the test bar while resistance measurements were taken 
along the ele43.rical joint. 

Joint 
Figure No. 5-11 

Resistance Test Specimen 

. 

Table No. 5-12 
1000 psi Joint Load/Bon torque 90 In-Lbs. 

Joint Resistance (Micro Ohms) 
Current Feed Terminals 

Cl C/C% Cla/ 

a 0.9 0.9 0.8 0.7 

b 0.9 0.9 0.9 0.7 

C 1 .o 0.9 0.9 0.8 

d 1.1 0.9 0.9 0.8 

e 0.9 0.9 0.9 0.8 

16 



5.2 Bare vs. Silver Plated Joint Test Results 

Tests were performed to determine the effectiveness of an electrical joint which is 
bare vs. silver-plated. A full size TF joint model was used as the test stand with 
current flowing through the joint area. Resistance measurements were taken along 
the joint line and recorded. 

Figure No. 5-12 
Bare vs. Silver Plated Joint Test Specimen 

Joint 

Table No. 5-13 
Bare vs. Silver Plated Joint Test Results 

RF COPPFR Jw SII VFR PI ATFD JOINT 

Test 
Point 

z 
C 

d 
e 

1000 psi 
60 amps 

1.8 1.6 
1.6 
1.5 
1 A 

2000 psi 
60 amps 

0.8 0.8 
0.8 
0.7 
0.6 

2000 psi 
100 amps 

0.7 0.7 
0.7 
0.7 
0.5 

1000 psi 
60 amps 

0.2 0.2 
0.1 
0.1 
0.1 

1000 psi 

0.2 0.2 
0.1 
0.1 
0.1 

2000 psi 

0.2 0.1 
0.1 
0.1 
0.1 

2000 psi 
lOOamos 

0.2 0.1 
0.1 
0.1 
0.1 

Reference measurements made at the reference line on the flag were 0.1 micro ohms. 

Joint Load Bolt Torque 
1000 psi 90 in-lb 
2000 psi 180 in-lb 



5.3 Vertical Loading Test Results 

Tests were performed to determine what effect a vertical load would have on the TF 
coil joint. A fbll size model of a TF joint was used as the test stand. 100 amperes 
of cement was flowed through the model while varying loads were applied at the 
end of the bolted tee connector. 
joint line and recorded. 

Resistance measurements were taken along the 

Figure No. 5-13 
Vertical Load Test Specimen 

Table No. 5-14 
Vertical Load Test Results 

Jdnt Load 1000 p&Bolt torque90 In-Lbs. Jdnt Load 2000 psi/Bolt torque 180 In-Lbs. 

Load Jdnt Resistance (Micro Ohms) Joint Resistance (Micro Ohms) 
!I hs 1 a b C d e a b C d e 

3 0.2 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 

25 
50 
75 

100 
125 

150 
175 
200 

0.2 0.2 0.1 0.1 0.1 
0.2 0.2 0.1 0.1 0.1 

0.3 0.2 0.1 0.1 0.1 
0.3 0.2 0.1 0.1 0.1 
0.2 0.2 0.1 0.1 0.1 
0.2 0.2 0.1 0.1 0.15 
0.2 0.1 0.1 0.1 0.1 
0.2 0.1 0.1 0.1 0.2 

0.2 0.1 0.1 0.1 0.1 
0.2 0.1 0.1 0.1 0.1 

0.2 0.1 0.1 0.1 0.1 
0.2 0.1 0.1 0.1 0.1 
0.2 0.1 0.1 0.1 0.1 
0.2 0.1 0.1 0.1 0.1 
0.2 0.1 0.1 0.1 0.1 
0.2 0.1 0.1 0.1 0.1 

18 



Table No. 5-15 
Vertical Load Test Results ‘ 

Joint a C d e Jolnl a C d e 
0 0.2 0.1 0.1 0.1 0.1 nla da 0.1 0.1 0.1 

25 0.2 0.1 0.1 0.1 0.1 nla rJa 0.1 0.1 0.1 
50 0.2 0.1 0.1 0.1 0.1 n/a ria 0.1 0.1 0.1 
75 0.2 0.1 0.1 0.1 0.1 n/a n/a 0.1 0.1 0.1 

100 0.2 0.1 0.1 0.1 0.1 tVa rr/a 0.1 0.1 0.1 
125 0.2 0.1 0.1 0.1 0.1 n/a ria 0.1 0.1 0.1 
150 02 0.1 0.1 0.1 0.1 n/a ria 0.1 0.1 0.1 
175 0.2 0.1 0.1 0.1 0.1 n/a rrla 0.1 0.1 0.1 
200 0.2 0.1 0.1 0.1 0.1 nla ru’a 0.1 0.1 0.1 
225 0.2 0.1 0.1 0.1 0.1 n/a nla 0.1 0.1 0.1 
250 0.2 0.1 0.1 0.1 0.1 nla nla 0.1 0.1 0.2 
275 0.2 0.1 0.1 0.1 0.1 nla nla 0.1 0.1 0.2 
300 0.2 0.1 0.1 0.1 0.1 n/a Nla 0.1 0.1 0.2 
325 0.2 0.1 0.1 0.1 0.1 n/a ria 0.1 0.1 0.2 
350 0.2 0.1 0.1 0.1 0.1 n/a ria 0.1 0.1 0.2 
375 0.2 0.1 0.1 0.1 0.1 n/a ria 0.1 0.1 0.2 
400 02 0.1 0.1 0.1 02 nla rJa 0.1 0.1 0.2 
425 02 0.1 0.1 0.1 02 n/a da 0.1 0.1 0.2 
450 0.1 0.1 0.1 0.1 02 n/a IJa 0.1 0.1 0.2 
475 0.2 0.1 0.1 0.1 02 n/a nla 0.1 0.2 0.3 
500 0.2 0.1 0.1 0.1 02 n/a rJa 0.1 0.2 0.3 
525 0.2 0.1 0.1 0.1 0.3 n/a da 0.1 0.2 0.3 

' 550 0.1 0.1 0.1 0.1 0.3 n/a rJa 0.1 0.2 0.3 
575 0.1 0.1 0.1 02 0.3 nla n/a 0.1 0.2 0.4 
600 0.1 0.1 0.1 02 0.3 n/a n/a 0.1 0.2 0.4 
625 0.1 0.1 0.1 0.1 0.3 n/a tVa 0.1 0.3 0.4 
650 0.1 0.1 0.1 02 0.4 rJa ria 0.1 0.3 0.5 
675 0.1 0.1 0.1 02 0.4 n/a rJa 0.1 0.3 0.5 
700 0.1 0.1 0.1 02 0.4 n/a rJa 0.2 0.3 0.5 

Table No. 5-16 
Vertical Load Test Results 

Front B=k 
.o ad Joint Resist ante ( Micro 0 hms) Joint Resistance ( Micro Ohms) 

Lbs.) a b C d e a b C d e 
500 0.2 0.1 0.1 0.1 0.2 nla nla 0.1 0.1 0.2 
550 0.2 0.1 0.1 0.1 0.2 nla nla 0 0.1 0.2 
600 0.2 0.1 0.1 0.2 0.2 n/a nla 0.1 0.1 0.2 
650 0.2 0.1 0.1 0.2 0.3 nla nla 0.1 0.1 0.3 
700 0.2 0.1 0.1 0.2 0.3 n/a nla 0.1 0.1 0.3 
750 0.2 0.1 0.1 0.2 0.3 nla n/a 0.1 0.2 0.3 
600 0.1 0.1 0.1 0.2 0.4 nla nla 0.1 0.2 0.4 
650 0.1 0.1 0.1 0.2 0.4 nla nla 0.1 0.3 0.4 
900 0.1 0.1 0.1 0.3 0.4 nla nla 0.1 0.3 0.5 
950 0.1 0.1 0.1 0.3 0.4 nla nla 0.1 0.4 0.5 
1000 0.1 0.1 0.1 0.3 0.5 n/a nla 0.2 0.4 0.5 
1050 0.1 0.1 0.1 0.4 0.5 nla n/a 0.2 0.4 0.5 
1100 0.1 0.1 0.1 0.4 0.5 nla nla 0.2 0.5 0.6 

. . 
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5.4 Horizontal Loading Test Results 

Tests were performed to determine what effect a horizontal load wobld have on the 
TF coil joint. A fkll size model of a TF joint was used as the test stand. 100 
amperes of current was flowed through the model while varying loads were applied 
at the end of the bolted tee connector. 
the joint line and recorded. 

Resistance measurements were taken along 

Figure No. 5-14 
Horizontal Load Test Specimen 

Table No. 5-17 
Horizontal Load Test Results 

FRONT 
d 1000 psV Bolt torque (90 In&&) s 

Load Jolnt Resistance (Micro Ohms) Joint Resktance (Micro Ohms) 
a b C d e 

0 
25 
50 
75 

loo 
125 
150 
175 
200 

0.3 0.2 0.2 0.1 0.1 0.2 0.1 N/A 
0.2 0.1 0.1 0.1 0.1 0.2 0.1 N/A 
0.3 0.2 0.1 0.1 0.1 0.2 0.1 N/A 
0.4 0.2 0.1 0.1 0.1 0.2 0.2 N/A 
0.4 0.2 0.2 0.2 0.2 0.2 0.2 N/A 
0.6 0.6 0.5 0.4 0.4 0.4 0.3 N/A 

0.2 
0.2 
0.2 
0.2 
0.2 
0.3 
0.3 
0.3 
0.4 

Rolt we (160 In B LbsJ 

0.1 0.1 0.1 0.1 0.2 
0.1 0.1 0.1 0.1 0.2 
0.1 0.1 0.1 0.1 0.2 
0.1 0.1 0.1 0.1 0.2 
0.1 0.1 0.1 0.1 0.2 
0.2 0.1 0.1 0.1 0.2 
0.2 0.1 0.1 0.1 0.2 
0.2 0.1 0.1 0.1 0.2 
0.2 0.1 0.1 0.2 0.2 

0.2 
0.2 
0.1 
0.1 
0.1 
0.1 
0.2 
0.2 
0.2 

N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 

0.1 
0.1 
0.2 
0.2 
0.2 
0.3 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 
0.2 
0.2 
0.2 
0.3 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
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Tables No. S-18 
Horizontal Load Results 

50 
75 

100 
125 
150 
175 
200 
225 
250 
275 l 

300 *  

325 l 

350 l 

375 l 

400 l 

0.2 
0.2 
0.3 
0.3 
0.4 
0.3 
0.4 
0.4 
0.5 
0.6 
0.6 
0.7 
0.7 
0.6 
0.7 

0.1 
0.1 
0.2 
0.2 
0.2 
0.2 
0.3 
0.3 
0.5 
0.5 
0.5 

1 0.6 
0.6 
0.6 
0.6 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.4 
0.4 

’ 8:: 
0.5 
0.5 
0.5 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.3 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 

0.1 
0.1 
0.1 

0.1 
0.1 
0.1 
0.1 
02 
02 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 

02 
0.1 
0.1 
0.1 
0.1 

0.1 
0.1 
02 
02 
02 
0.3 
0.3 
0.3 
0.3 
0.3 
0.4 
0.4 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.2 
0.3 
0.3 
0.3 
0.3 
0.3 
0.4 

275 
300 
325 
350 
375 
400 

nla 
i rJa 

da 
rfa 
da 
rVa 
rVa 
da 
Na 
rv’a 
nJa 
nla 
rVa 
fVa 
n/a 
rVa 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.2 
0.3 
0.2 
0.3 
0.3 
0.3 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.3 
0.3 
0.2 
0.3 
0.3 
0.3 

Remarks: Gap In joint dotoctad at those load& 
A 7 mll gap detected In joint at 400 Lbs. 

Table 5-19 
Load vs. Gap Results 

0.125 
0.5 

0.125 
0.125 
0.125 
0.125 



6.0 TF JOINT INSERT PULL OUT TESTS 

A test was performed to determine the pull out force of the threaded inserts being 
used for the TF coil electrical joints. 

. . nals Used. 

Inserts : “Keenserts” part number KNL-5 18 (303 stainless steel) 
5/16- 18 Internal Thread 
7/16-14 External Thread 

Copper: CDA 104 (36-42 ksi)..equivalent yield strength to TF Center Stack 
copper conductor 

Table 6-20 
TF Joint Insert Pull Out Test Results 

7.0 

7.1 

i.2 

OH CONDUCTOR KEYSTONE TESTS 

Trial windings were performed to determine the amount of keystoning which result 
during fabrication of the OH coil. The radial build tolerances on the OH coil am 
extremely critical. Any deformation of the copper conductor would result in a 
minimization of clearances between the OH and PF coils, thus making assembly of 
the Center Stack more difficult. 

Test Setup 

The trial windings were completed in the RESA building using a “Ransome” turn 
table and a manually controlled friction brake tension unit, The winding loads were 
monitored using a digital dynamometer. A mandrel of equivalent diameter as the 
OH coil was mounted to the turn table. (See figure 7-17 ) 

Conductors 

Two different conductors were used in these tests. Each had a different cross- 
section and hardness. Trial number 1 used an extruded square copper conductor 
with a coolant hole and a hardness of 64 on the Rockwell F-scale. The second 
winding was completed using a copper conductor which was machined to the 
cormct OH conductor dimensions and a hardness of 85 on the Rockwell F-scale. 
This conductor was solid and did not have a coolant hole. 
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7.3 Winding Trial Results 

Figure 7- 15 
Results From Trial Winding No. 1 

0.488” 

t-i 

h 

AlTEE 
I --- L 

WINDING WINDING 

MATERIAL: Copper (unknown CDA number) Rockw~ol~~dness: 

F-scale 

Prlor to winding After winding 
13.0 19.0 
64.5 65.0 

NOTE: The above dimensions are avrrage measurements taken along the length of the conductor prior to, 
and after winding. 

Figure 7-16 
Results From Trial Winding No. 2 

May drel AFTER - 
WINDING WINDING 

-- 

MATERIAL: Copper CDA 104 Rockwell Hardness: 
B-scale 
F-Scale 

Prior to wlnding After winding 
49.0 63.0 
65.0 93.0 

NOTE: The above dlmenslons are average measurements taken along the length of the conductor prior to, 
and after winding. 
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7.4 Trial Winding Preliminary Conclusions 

It was observed in the 2nd trial winding (OH conductor cross-section) that the 
conductor not only changed cross-section from a rectangle to a trapezoid shape, but 
also grew in height due to a slight dishing of the conductor. From these results, it 
was decided to perform one additional trial winding. Using a conductor with the 
resulting keystone dimensions, it was wound onto a mandrel with the wide base of 
the trapezoid away from the mandrel. It was hoped that the conductor would return 
to its original cross-section. 

Figure No. 7-17 
Trial Winding Station 

7.5 Trial Winding No.3- Machined Conductor 

. 

A conductor was machined using CDA-104 with the dimensions obtained from the 
final keystoning cross-section. This conductor was then wound with the conductor 
in the opposite position, narrow side of the conductor facing the mandrel. The 
results from this trial winding showed that the conductor did return to a rectangular 
cross-section with the original OH conductor dimensions. Figures 7-18 and 7-19 
show both the original OH conductor cross-section and the procured OH conductor 
cross-section with built-in keystone tolerances. 
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R .03 

Figure No. 7-18 
Original OH Copper Conductor 

SEE ENLARGED 
DETAIL “A” 

\ 

i 

F 
i 
i 
i 
i 
P 

R 12.71 
(REF 1 

- _ 6 18 ::% 

NOTE: 

+ 
-ENLARGED DETAIL -A- 

Figure No. 7-19 
OH Copper Conductor With Keystone Cross-Section 
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7.6 Winding Tension vs. Insulation Compression 

Additional winding trials were performed using copper conductori insulated with 
two (2) half-lapped layers of B-stage insulation.. The purpose of these trials were 
to determine the winding tension which would be required to ensure a lo-12% 
compression of the B-stage insulation. The results arc described in figure 7-20. 

LAYER #3, 

LAYER # 
\ ##J LAYER 

MEASUREMENTS (IN.1 

AFTER 
WINDING 

COMPRESSION WINDING 
TENSION 

(Psi) 

NOMINIAL INSULATlON THICKNESS PER CONDUCTOR SIDE - 0.024 INCH 

Figure 7-20 
Winding Tension vs. Insulation Compression Results 

26 



,‘.‘:, “.‘? . , .  

> x; : i’::‘, ‘Y’NSTX FINAL-,REPORT No. 13=970430-;IHC 
‘ix ’ i,% ‘5 ‘*~<$i _ ~ ,(_ CENTER STACK R&D ,, 

8.0 

a. 

b. 

C. 

d. 

e. 

f. 

e. 

. . 

CONCLUSIONS 

The following conclusions have been ma& as a result of the activities described in 
this report, and will be included in the final design of the NSTX Center Stack. 

The Insulation shear tests which were conducted at both PPPL and CM1 conclude 
that the tested CID-1 12 pm-impregnated insulation meets all of the minimum 
design criteria for the Inner TF coil bundle and is acceptable for use in the Center 
Stack fabrication (Section 2.0). A total of six (6) insulation specimens have been 
successfully been tested through 1,000,000 cycles with a 2400 psi shear load and 
600 psi compressive load. CM1 test results are in attached “CM1 Final Report” 
(Appendix) 

The Insulation shear tests which were conducted at both PPPL and CM1 conclude 
that pre-impregnated insulation CIDl12P with Kapton meets all of the minimum 
design criteria for the OH and PF coils and is acceptable for use in the Center Stack 
fabrication (Section 2.0). A total of six (6) insulation specimens have been 
successfully tested through 300,000 cycles with a 1000 psi shear load and 600 psi 
compressive load. CM1 test results are in attached “CM1 Final Report” (Appendix) 

The AC and DC electrical test results demonstrated that the CID-1 12 insulation is a 
good dielectric insulator (420 volts/mil) and surpasses the dielectric requirements of 
the coils in the Center Stack. (Section 3.0) 

The tensile and fatigue test results conclude that the Type VII OH coil joint design 
meets the minimum design requirements for the OH coil layer to layer joint. Three 
specimens were cycled through a minimum of 300,000 cycles under a maximum 
load of 20 ksi. This joint design combines two (2) methods for fabricating the 
joint. The conductor to conductor overlap which carries the current is a tin-silver 
soft solder join. The ends of the conductors are locked in place with a TIG braze 
tack at each end. This combination provides a reliable OH joint. ( Section 4.0) 

The results obtained from the load tests performed on the model TF coil joint were 
used in support of the final TF joint design. Results clearly demonstrated the 
importance of silver plated joints. Load tests (horizontal and vertical) showed the 
effect that external forces have on the TF joint design. The final data of load vs. 
joint resistance can be found in Section 5.0. 

Trial winding tests were performed to investigate the effect that keystoning has on 
the radial build of the OH coil. The results from these tests proved the need for a 
specially designed conductor cross-section to compensate for the excessive 
keystoning. Figure 7- 19 in Section 7 shows the final conductor cross-section which 
is included in the OH design. 

Winding trials were used to determine the minimum winding tension required to 
ensure a lo%-12% compression of the pre-impregnated turn to turn insulation. 
This minimum compression is required to ensure a successful cure of the insulation 
system. The winding tension varies from 1600 psi to 2400 psi. As you increase 
the diameter with additional layer. (See Figure 7-20 of Section 7) 
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NSTX Insulation Test Program 

Final Report 

PPPL Subcontract S-03989-F 
13 December 1996 

Richard P. Reed 
Cryogenic Materials, Inc. 
Boulder, Colorado 

17 March 1997 



Introduction 

The purpose of this program was to evaluate the shear properties of candidate 
insulation systems for the NSTX fusion reactor project. The program was performed 
in three stages. The topics and delivery dates for the interim reports are listed below. 

I. Short-Beam Shear Testing, 3 February 1997 
II. Shear/Compression Testing (insulation systems 1 and 2), 26 February 1997 

III. Shear/Compression Testing (insulation system 3), 17 March 1997 

All the interim reports are included in this final report. 



2625 Iliff, Boulder, Colorado 80303 
Telephone: 303/494-1852 Fax: 303/494-0134 
e-mail: 72113.525@compuserve.com 

March 17, 1997 

NSTX Insulation Test Program 
Interim Report: Shear/Compression Testing 

Shear/compression tests were conducted on the last candidate NSTX insulation system: 

3M 92 Kapton (silicone adhesive-backed Kapton, 0.06 mm thick) with CTD-112P 
preimpregnated S-2 glass (6781 satin weave), 0.19 mm thick per ply). 

The sandwich-type specimen for this insulation system consisted of the following compo- 
nents (the dimension given is thickness): 

copper chip - 3.5 mm 
2 layers of 3M 92 Kapton tape (simulating 1 half-lap layer) - 0.12 mm 
8 layers of CTD-112P/S-2 glass - 1.44 mm 
2 layers of 3M 92 Kapton tape (simulating 1 half-lap layer) - 0.12 mm 
copper chip - 3.5 mm 

The total uncompressed thickness is 8.68 mm (1.68 mm for the insulation system); 
the thickness of the specimen after cure is 8.3 mm (1.3 mm for the insulation system). 

The copper chips were degreased and cleaned, but were not sandblasted. 

The cure schedule for the insulation system is 

ramp to 177°C in 1 h 
hold at 177°C for 2 h 
ramp to 200°C in 1 h 
hold at 200°C for 6 h 
air cool (in mold) to room temperature 

The results are summarized below: 

At both temperatures (295, 395 K), there was virtually no adhesive strength between 
the copper and the Kapton tape. To initiate sliding of this interface, loads up to 5 lb 
(< 1 MPa shear strength) were required. These loads were slightly less at 395 K than 
at 295 K. The texture of the silicone adhesive remained gumlike and did not show 
evidence of hardening. Therefore, the applied force was required only to slide the 
gumlike adhesive interface along the copper surface. 



!  

2625 Iliff, Boulder, Colorado 80303 
Telephone: 303/494-1852 Fax: 303/494-0134 
e-mail: 72113.525@compuserve.com 

February 3, 1997 

NSTX Insulation Test Program 

Interim Report: Short-Beam Shear Testing 

Short-beam shear tests at 295 and 395 K were conducted on three candidate NSTX 
insulation systems: 

I. CTD-112P (TGDM/amine) preimpregnated S-2 glass (678 1 satin weave); 
thickness of one ply: 0.19 mm 

2. IMI Fusa-Fab (7659OP), polyester-preimpregnated E-glass cloth; 
thickness of one ply: 0.152 mm 

3. Fusa-Fab (76590P)/3M 92 Kapton (silicone adhesive-backed Kapton); 
thickness of one ply: 0.152 + 0.060 = 0.21 mm 

Specimens were cut from 3.2~mm (l/8-in) thick laminates. The laminates were pro- 
duced by stacking individual plies into a mold about 150 mm (6 in) long X 25 to 
50 mm wide. Pressure of about 280 kPa (40 psi) was applied, and the mold was 
heated to cure the resin system. The cure schedules for each insulation system are 
1. 

2. 

3 

ramp to 177°C in 1 h 
hold at 177°C for 2 h 
ramp to 200°C in 1 h 
hold at 200°C for 6 h 
air cool (in mold) to room temperature 

ramp to 150°C in 1 h 
hold at 150°C for 1 h 
air cool (in mold) to room temperature 

ramp to 150°C in 1 h 
hold at 150°C for 1 h 
air cool (in mold) to room temperature 

Samples of each type of laminate are enclosed with this report. 

Short-beam shear specimens were cut from laminates to the following dimensions: 
3.2 mm (l/8 in) thick x 25 mm (1 in) long X 6.3 mm (l/4 in) wide 



Interim Report: Short-Beam Shear Testing, page 2/2 

Tests were conducted in three-point bending at a thickness-to-span ratio of 5. 
Details of the test are provided on the accompanying sheet. Results were 

Insulation 
System 

SBS strength, Flexural Modulus, 
MPa (ksi) GPa (Msi) 

295 K 395 K 295 K 395 K 

Failure Mode 

1. CTD- 112P 77 (11) 63 (9.2) 20 (28) 17 (2.5) interlaminar shear 

2. IMI Fusa-Fab 25 (3.6) 8 (1.1) 9 (1.4) 1 (0.1) multiple 
interlaminar shear 

3. IMI Fusa-Fab/3M 92 Kapton 0 0 - - Fusa-Fab/Kapton 
interface 

Therefore, we recommend that the third insulation be changed for the shear/ 
compression testing or that possible modifications be studied to improve the 
bonding of the Fusa-Fab to Kapton. 



Short Beam Sheaf Test Results 

flesh System: CTD-112P 
f+ddorarment: S-2 G~ISS .6S60 Condfrian: 
Barr@ None 
Spedmen Typ3: Short Beam Shear * 
Matedal Reference Y: t-&l 

Load Rate: 0.02.12,rnrn!s 
SbJn h4easurenlent MI-S LVDT 

AR 

Test Fixture: 
Test Date: 

ShortBeatiShear Test Temprature: 295arid395K 
loo/97 and .1/31/97 

15.37 5.0. IQ2 196 75.4 I 
sbl12-2 3.073 6.325 24.05 j5.37 .’ Lo 10.7 1.99 76.7 I 
sb112-3 3.099 6223 24.97 : 202 I 15.37 5.0 19.4 70.7 
sb112-4 3.073 6.375 35.40 15.37 .5.0 19.9 la6 75.1 I 
sb112-5 3.048 6.246 24.43 15.37 .’ .$.O 19.5 2.02 73.7 1 

I a 
'.' !. ‘.' .' 

AverA@ Shear Strength at Span Ratio of 5: 
SIa&ifd Davlation: 
Coeffiit of Variation: _. 

Averap Flexural h4xiulua al Span Ratio of 5:. 
Stanc+d Dwiatlon: 
CoaMdenl of Variation: 

77.1 MPa 
2k 

0.03 
. . 

19.6.GPa 
0.3 

0.01, 

112fil-6 
112.N7 
112hM 
11 &I-9 
112hi-10 

3.099 6.299 2522 
3.048 6.274 24.36 I.537 5.0 17.6 
3.073 6299 24.51 15137. 5.0 17.1 
3.048 6.350 24.56 15.37 ‘5.0 17.4 
3.046 6.325 25.58 15.37 5.0: 17.1 

Load Shea.Slfeng~ F&lure 
(kN) (Ml?a) Mode 

1.67 643 I 
1.64 642 f 

1.61 622 1 
1.62 02.0 I 
1.62 632 I 

Avera@ Shear Strength at Span R&I of 5: 
Stanwd DeMatJon: 
Ccefficiant of Variation: 

63.3 Wa 
0.9 

0.01 

I Average Flexural Mod&s at Span Ratio of 5: 172 GPa 
S-d Deviation: 0.3 I 
CoeMdent d Variation: 0.02 1 



Short Beam Shear Test Results 

Resin Sy6tem: IMI - F&tab-765gOP 
Relnbr-t: Glass fabrli COndiEon: 
SiWk None 
Spedmen Type: Short Bearh Shaar 
Malerlal Refersnca II: NA 

AR 

Load Rate: 
Saaln tdasurement: 

0.0212 mm/6 
MTS LVOT 

Test Fixture: 
Test Date: 

Short Beam Shear Test Temperatuw 295and395K 
mw97 and 1131i97 

fUSi-1 3.734 6.299 26.01 19.18 5:; 0.8 0.65 27.0 Ml 

w-2 3.759 6.350 23.55 19*18 6.1 7.6 0.56 17.8 MI 

fusl-3 3.86 1 6299 24.68 16.18 ,5.0’ 8.9 0.84 25.9 Ml 

tusi-5 3.937 6.350 24.66 19.18 4.9 11.0 0.86 25.9 Ml 

lusl-6 3.962 6.325 24.64 ” 19.18 4.8 9.8 0.89 26.5 Ml 

Aveyge Shear Strength at Span RaUo of 5: ,146’ Wa 
Stan’dard Oevtatbn: 3.9 
Coetitdent of Variation: .0.16 

:. i. 
Aw& Fb~~sl Mcdulus 

Star&d Deviation: 

at Span Ratb 
01.5: l9.4 GPa 

coetient of .v8rL3uon: 
1.3 

c&l,3 

fv+-7 3.937 6.350 24.38 18.18. 4.9. 0.9 0.26 7.9 D 
lushi- 4.140 6.248 25.45 19.18 4.6, 0.9 0.28 8.0 D 
fllshi-9 4.115 6.190 26.28 19.18 4.7 1.0 

-.g;:, 
o-26 7.7 D 

4.191 6.223 25.48 19.14 ‘4s.. 0‘9 0.27 7.7 D 
6.350 - 4.013 2332 : 19.1.6 . in 1.0 0.25 7.5 D 

‘. * ” l . . 

Awab Shear Strength at Span Aaib of 5: 
Standqd Deviation: 

,coOtic!efq of VarhUon: 

I .., 
Avor+e FIexural Modulus at span RB~+OI 5: 
Standard Deviation: 
coemenl d vsllattcJn: 

.:7.7 Wa 
‘02 

o;* 
. . 
‘:x0 Gp* 
OXI 

O.p3 
. . . 
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NSTX Insulation Test Program 

Interim Report: Shear/Compression Testing 

Shear/compression tests were conducted on two of the three candidate NSTX insulation 
systems: 

1. CTD-112P (TGDM/amine) preimpregnated S-2 glass (6580 satin weave); thickness of 
one ply = 0.18 mm 

2. CTD-112P (TGDM/amine) preimpregnated S-2 glass (6580 satin weave); cowound with 
Kapton film, grade HA (0.06 mm thick); thickness of one ply = 0.24 mm. 

3.* 3M 92 Kapton (silicone adhesive-backed Kapton); thickness of one ply = 0.06 mm. 

For the CTD-112P preimpregnated material, glass contents of 49, 55, and 61 ~01% were 
tested. In all but a few specimens, a primer (Ciba-Geigy DZ-80) was used on the copper 
surface. 

The sandwich-type specimens and the loading fixture used for these tests are shown in 
Figure 1. Specimen dimensions are 13-mm diameter x 8-mm total thickness with 1.3~mm 
thick insulation. 

140 

s, 
t--- 12.7-j 

i 

\ CDA 110 Copper 

Insulation System 

dimensions are in millimeters 

Figure 1. Loading arrangement and specimen for shear/compression test 

*to be tested. 

,. . . 
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The top and bottom portion are cold-drawn copper (CDA 110, l/4 hard). After being cut 
and machined from copper bar, the chips were cleaned and degreased, sandblasted and air- 
blasted in dry nitrogen gas. A thin (about 0.025mm) layer of primer (Ciba-Geigy DZ-SO) 
was applied to the chip surfaces and cured at 80°C for 0.5 h. 

The sandwich specimens were then prepared by using procedures and molds developed for 
the ITER program, which are described in the accompanying paper by Fabian and Reed 
(Appendix A). Test procedures and parameters are also described by Drexler et al. 
(Appendix A). Estimated amounts of compression on the insulation components of the 
specimens to obtain the final insulation through-thickness of 1.3 mm are listed below: 

1. CTD-112P/S-2 glass with 8 layers (49 ~01% glass) 
prior to compression: 8 x 0.18 = 1.44 mm 
after compression (in mold): 1.30 mm 
compression: 10% 

2. CTD-112P/S-2 glass with 9 layers (55 ~01% glass) 
prior to compression: 9 x 0.18 = 1.62 mm 
after compression (in mold): 1.30 mm 
compression: 20% 

3. CTD-112P/S-2 glass with 10 layers (61 ~01% glass) 
prior to compression: 10 x 0.18 = 1.80 mm 
after compression (in mold): 1.30 mm 
compression: 28% 

The cure schedule for insulation systems 1 and 2 with CTD-112P prepreg is 
ramp to 177°C in 1 h 
hold at 177°C for 2 h 
ramp to 200°C in 1 h 
hold at 200°C for 6 h 
air cool (in mold) to room temperature 

The results are summarized in the Table 1. Specific data sheets from Composite 
Technology Development are included in Appendix B. 

Comments on Data: 

l The use of the primer prevents adhesive-type failures and produces higher shear 
strengths. 

l The glass volume percent is not effective in raising the shear strength, primarily be- 
cause the primer/composite interface becomes slightly weaker. The reduction of this 
interfacial strength probably arises from the presence of less resin near the primer. 

. Thus, any additional R&D to improve the shear strength of this insulation system must 
address the primer/composite interface. Possible variables that may increase the 
strength of this interface are (1) use of a more open glass weave, such as 678 1 in- 
stead of 6580 satin weaves; (2) adjustment of the thickness of the primer layer, and 
(3) adjustment of the resin/hardener mix of’the TGDM/aromatic amine hardener. 

. It is important to remember that the TGDM (tetrafunctional epoxy) resin system was 
developed by the aerospace industry specifically for “high” temperature applications. 
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NEW COMBINED SHEAR AND COMPRESSION 

TEST METHOD 

P. E. Fabian 1 and R. P. Reed2 

lComposite Technology Development, Inc. 
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2Cryogenic Materials, Inc. 
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ABSTRACT 

A new test method was developed to determine shear/compression properties of 
composite insulation systems used in superconducting magnets. It was developed 
specifically to enable in-situ testing (without warm-up) of insulation systems in a high 
flux neutron radiation and cryogenic (4 K) temperature environment at the Munich 

- Research Reactor (FRM - Forschungsreaktor Mtinchen). 
The new shear/compression specimen consists of two sections of composite 

insulation bonded at a specific angle between three pieces of 316 stainless steel. During 
the test, the specimen is compressed between two loading platens. By varying the angle 
of the test specimen, different shear/compression ratios can be evaluated and a 
shear/compression envelope for various materials can be produced. This test method 
produces the same shear and compressive strengths found in other shear/compression 
tests, but the test fixture is smaller, and multiple test specimens are not required. The 
composite insulation systems were tested at 45’ to demonstrate the feasibilty of the test. 
Specimens were produced from a vacuum pressure impregnation (VPI) resin system and 
a prepreg resin system. Design and fabrication of the test specimens and their shear and 
compressive properties are presented. 

INTRODUCTION . 

The composite insulation to be used in the International Thermonuclear 
Experimental Reactor (ITER) fusion magnets will be subjected to both shear and 
compressive stresses at cryogenic temperatures throughout its operating lifetime. The 
shear and compressive stresses in the Toroidal Field (TF) coils and Central Solenoid (CS) 
coils will act on the insulation simultaneously; thus combined shear/compression tests are 
necessary in all magnet insulation characterization programs. A combined 
shear/compression test has been developed previously1 and used extensively over the last 
several years to study and characterize insulation systems.x-5 

Another condition of operation that both the TF and CS coils will encounter is high 
levels of radiation. As specified by ITER, the composite insulation in the TF coils must 
be capable of withstanding a fast (N.1 MeV) neutron fluence of 2.5 X 1021 neutrons/m2 
with an associated gamma dose, while the CS coil insulation must withstand radiation 



/’ that is an order of magnitude lower, at 2.5 X 1020 neutrons/m2.6 Previous 
shear/compression test specimens have been irradiated at temperatures below 6 K at the 
fission reactor in Garching, Germany at the Munich Research Reactor.7 However, 
because of the specimen and test rig size, it was not possible to test these specimens 
without warming them to room temperature for shipment to the testing site. Thus, the 
effect of radiation on shear/compressive properties of organic composite insulators 
without warmup is currently an unknown but highly sought after material property. 

It is surmised that shear/compressive stresses and a high radiation Bose, combined 
with a cryogenic (4 IQ operating temperature will heavily tax any organic insulation 
system; therefore a single test that can combine all three elements is most desirable. A 
new shear/compression test specimen was designed that enables specimens to be tested 
in-situ, without warmup, immediately after being irradiated in the Garching reactor. This 
paper describes the development, specimen production, and testing of these new in-situ 
shear/compression specimens; compares the new test method with the standard 
shear/compression test method; and compares the data produced by the two methods. 

SPECIMEN DEVELOPMENT 

The new shear/compression specimen was intended primarily for use in the 
Garching reactor, and therefore, it was designed to fit into the reactor’s irradiation and 
testing cryostat and pressure cell. During irradiation, specimens are contained in 
aluminum capsules, 8 whose inner dimensions are 13 mm in diameter and 105 mm in 
length. Following irradiation, the specimens are transferred without warmup to a 
pressure cell, whose inner dimensions are 13.2 mm in diameter and 85 mm in length (see 
Figure 1). The pressure cell is designed to hold a single specimen, and it is set up to test 
only in compression. 

In the actual magnet application, the insulation materials for the TF and CS coils are 
sandwiched between metallic components and, in most cases, bonded to them. AISI 316 
stainless steel is used for the main structural components in the ITER magnets; Incoloy 
908 is the material used for the superconducting coil conduits. Thus, insulation test 
specimens were bonded to AISI 316 stainless steel to evaluate their performance under 
combined shear and compressive forces. 

wLHe Inlet Holes 

-Specimen Chamber 

Figure 1. Cross-sectional view of the Munich Research Reacto?s low-temperature pressure cell for in-situ 
testing. Dimensions are in millimeters. 

, .  .  I I  
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The design of the in-situ shear/compression specimen is shown in P@re,2. The 
specimen is composed of three separate pieces of 316 stainless steel, 11 mm III &meter, 
cut at the desired test angle and bonded to two separate composite insulation sections, 
approximately 1.3 mm thick. The ratio of shear to compressive stress being studied 
determines the angle of the three steel specimen pieces. In-situ speci.m~~~s to be used for 
the ITER program are to be fabricated to angles of 45’ and 60”, which are shown in 
Figure 2. By changing the angle of the stainless steel specimen pieces, a 
shear/compression failure envelope can be developed. As seen in Figure 2, with a 11 mm 
diameter and 42 mm overall length, the in-situ shear/compression specimen fits easily 
into the pressure cell of the test cryostat. 

The in-situ specimen, when compressed, is designed to behave exactly as the test 
fixturing behaves in the original combined shear/compression test. The or@nal 
shear/compression test fixture and specimen are shown in Figure 3. The ongmal 
specimen consists of flat, stainless steel discs, 12.7 mm in diameter that are bonded 
together by the composite insulation. The fixture is composed of three, angularly cut, 
high-strength steel pieces aligned vertically by two shear/compression specimens placed 
in circular recesses within the three pieces. When the test fixturing is compressed, both 
shear and compressive forces are applied to the test specimens; the center component of 
the test rig is free to move laterally, eliminating any shear constraint and ambiguity in the 
stresses within the insulating material. 

The in-situ shear/compression specimen operates on the exact same principle. The 
specimen is composed of three separate, angular steel pieces, which, when compressed, 
apply both shear and compressive stresses to the insulating material. No side constraints 
are placed on the in-situ specimen, so that the center component of the specimen is free to 
move laterally, like the center component of the test rig described above. 

The major difference in the two tests is that to change the shear-to-compression 
ratio in the in-situ test, the angle of the specimen’s three stainless steel pieces must be 
changed. In the original shear/compression test, the angle of the entire test fixture must 
be changed, thus necessitating the construction of multiple test fixtures. A minor 
difference is that the in-situ shear/compression test requires only one test specimen to 
obtain a single data point; the original shear/compression test requires two specimens to 
achieve a single data point. - 

SPECIMENPRODUCTION 

In-situ shear/compression specimens are produced in a four-part mold in which 
sixteen specimens are fabricated during the same specimen production run. The mold is 
modeled after the CID ITER mold4*9 and uses the same resin flow techniques that were 
successfully used to produce numerous original shear/compression specimens for TIER. 
As in the CTD ITER mold, the in-situ specimen mold can be used to produce both 
vacuum-pressure-impregnation (VPI) and pre-impregnated (prepreg) type specimens. 
The mold design also enables 45O or 60” specimens to be fabricated in the same mold, 

316 Stainless 
Steel 

DIAMETER = 11 mm 

Figure 2. In-situ shear/compression test specinien with angle-s of 45“ and 60”. 
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‘-- 12.7-j 

, 

L AISI 316 Stainless Steel 

Insulation System 

Figure 3. Original shear/compression test Wure and specimen. Dimensions in millimeters. 

and, if desired, during the same specimen production run. A cut away view of the four- 
part mold and how it functions during a VP1 production run is shown in Figure 4. 

As noted in Figure 4, the mold consists of top and bottom sprue plates and two 
middle mold plates, one on top and one on bottom (as indicated by the T and B). The top 
and bottom sprue plates are designed to transfer the resin from the inlet through each of 
the sixteen specimens and to the mold outlet through the use of sprues that run along the 
horizontal plane of the sprue plates. The two middle mold plates maintain proper 
placement and alignment of the three stainless steel specimen pieces for each specimen. 
Vertical sprues that are cut next to the sixteen specimen holes enable the resin to flow to 
each specimen. 

The specimen production process is thoroughly described below; however, before 
the stainless steel pieces are placed inside the mold, the surfaces to be bonded to the 
composite material must be prepared.. To ensure proper bonding of the composite to the 
stainless steel, the surface of the stainless steel must be carefully prepared by ultrasonic 

resin outlet 
Top Sprue Plate 

Middle Mold Plate - T 

Middle Mold Plate - B 

inlet 
--m--B- 

Bottom Sprue Plate 

Figure 4. Four-part mold for in-situ VP1 shear/compression specimen production. 

,. . . 



cleaning in trichloroethane l,l,l (TCE); grit blasting of the bondhg surface with 100 grit 
alumina; blasting with filtered, dry nitrogen gas to remove any embedded alumina 
particles; cleaning UasonicalIy in TCE a second time; and vapor degreasing the bonding 
surface with clean TCE. 

Once properly cleaned, the stainless steel pieces that make up each speceimen can 
be loaded into the mold The middle mold plate - B is placed on top of the bottom sprue 
plate, and the bottom stainless steel specimen pieces are carefully lowered into the 
specimen holes (16 pieces total). The dry glass fabric plies or the prepreg fabric plies 
(cut to the proper elliptical size by using a punch and die set) are then placed on top of the 
bottom specimen piece, Next, the middle mold plate - T is placed on top of the bottom 
middle mold plate and the center stainless steel specimen pieces are lowered into the 
specimen holes in the correct orientation (16 pieces total). Then the second layer of dry 
glass plies or prepreg plies are placed on top of the center specimen pieces and the top 
stainless steel specimen pieces are lowered into the specimen holes in the correct 
orientation (16 pieces total).’ The last step is to place the top sprue plate’on top of the top 
middle mold plate and clamp all mold plates together. Because the specimens must be 
vertically aligned to very close tolerances to give accurate test results, the four mold 
plates are held in alignment by two 3.2~mm-diameter pins that run through all four plates. 
To prevent resin leaks, all mating surfaces of the mold plates are vacuum-sealed with O- 
rings, which are placed along the perimeter of the plates. 

The assembled mold is placed in a vacuum oven at approximately 10 to 40 Pa (0.1 
to 0.4 mbar) for 2 h for VP1 systems and 30 min for prepreg systems. At the same time, 
the mold is heated to the resin-processing temperature. After curing the composite 
material, the mold is allowed to cool before the specimens are removed. Because of the 
tight tolerances used in the molding of the in-situ shear compression specimens and the 
number of resin sprues located around the specimens, sometimes more than 10 kN of 
force is required to press the specimens out of the mold. An arbor or hydraulic press is 
usually required to accomplish this task. Resin sprues that remain attached to the 
specimen are gently sanded from the sides of the specimen. 

TEST PROCEDURES AND RESULTS 

A sign&an advantage of the in-situ shear/compression test is that complex test 
fixturing is not needed. The specimen is simply compressed between two loading platens 
to failure. To hold the specimen in place and stabilize it prior to its initial loading, a 
circular recess was machined into the bottom loading platen, approximately 3.2 mm in 
depth; however, this is not a necessary requirement for testing the in-situ specimen. 
Figure 5 illustrates the test setup. 

To compare the in-situ shear/compression test with the original shear/compression 
test, two resin systems were tested: a flexibilized DGEBA epoxy VP1 resin system 
(CID-lOlK), and a TGDM epoxy pre-preg resin system (CID-112P). Both systems 
were reinforced with an eight-harness satin weave S-2 glass, 6781 style with a nominal 
0.50 fiber volume fraction. These systems were chosen because they had been 
extensively tested and characterized for lTER4 with the original shear/compression test. 

The bar graph in Figure 6 shows the results for both insulation systems and for 
both types of 45’ shear/compression tests at 76 K. The shear strength of the VP1 system 
found from the 45’ in-situ shear/compression test is almost identical to those measured by 
the original shear/compression test. The VP1 system (CID-101K) exhibited a strength of 
176.8 MPa when tested by the in-situ method at 76 K, the strength of the same system 
taken from the ITER characterization report is given as 175.8 h&a at 76 K.4 The values 
for the prepreg system differ slightly, approximately 15% between the two test types. 
The shear strength of the prepreg resin system (CTD-112P) at 45’ and 76 K is 140.9 
Mpa4 from the original shear/compression test as compared to the 120.8 MPa shear 
strength found in the 45’ in-situ shear/compression test. The test data scatter for this 
insulation system, from both types of shear/compression tests, is larger than that for the 
VP1 system. The larger data scatter for the prepreg system can be attributed to its overall 
lower resin content than that of the VP1 system, which would increase porosity in the 
composite material. 



Figure 5. Testing 

~-Top loading 
platen 

In-situ 
Fshearkompress’bn 
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c- Bottom loading 
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4 
for in-situ shear/compression spe&en. 

Original 

I 
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Shear Strength @Pa) 
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Figure 6. Comparison of 45” shear strengths measured by the original and in-situ shear/compression test 
methods at 76 K. 

CONCLUSIONS 

Comparison of data with those from the previous test method validates the new in- 
situ shear/compression tests. The new test method requires speceimens that are slightly 
more complicated to produce than the other test specimens; thus, each insulation system 
must be fully characterized prior to irradiation. The new in-situ shear/compression test 
method is currently the only one available for testing specimens in a high-neutron- 
radiation, cryogenic environment without warmup. 
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Some electrical insulation for superconducting magnets is provided 
by a glass-fiber-reinforced, epoxy-based composites. A vacuum- 
impregnated epoxy insulation system experiences combined shear and 
compressive stresses and its shear strength is dependent on the 
applied compressive stress. The behavior of a vacuum-impregnated 
composite insulation system under simultaneous shear and 
compression stresses was investigated at 76 K. A test fixture was 
developed to characterize the shear-compression interactions by 
loading to failure at angles from vertical of 0 (pure shear), 15, 
30, 45, 60, and 75". The resolved shear and compressive 
strengths, when plotted against each other, result in a curve that 
defines a failure envelope. The failure modes have been 
identified and are discussed in relation to shear and compressive 
properties. 

INTRODUCTION 

In the conceptual design for the International Thermonuclear Experimental Reactor 
(ITER) an electrically insulating barrier surrounds the conductor conduits of the 
toroidal-field magnets. This barrier is expected to be a fiberglass-reinforced, 
epoxy-matrix composite bonded to the conduit walls. The composite insulation will 
experience combined shear and compressive forces at 4 K, and a combined neutron and 
gamma irradiation dose of about 5 x 10' Gy. A screening test program is needed to 
evaluate insulator candidates under loading and radiation conditions that simulate 
ITER requirements. 

Several programs have been instituted to address the relationship between 
compressive and shear strengths of fiberglass-reinforced composites. Poehlchen et 
al. [l] investigated the shear properties at 295, 77, and 4.5 K of irradiated 
composite material bonded to a stainless steel. Currently, lap-shear tests are 
conducted in situ after 4-K fission-reactor irradiation. Okada et al. [2] devised an 
angled fixture that applied simultaneous resolvable shear and compressive forces. 
With this fixture the authors obtained shear-compressive strengths at 295 and 77 K 
for composite specimens without a bonded steel-composite interface. However, in both 
of these test approaches the specimen was constrained, introducing forces that could 
not be directly measured, or restricting specimen strain. McManamy et al. (31 also 
developed a test fixture to evaluate the shear-strength dependence on compressive 
stress for a composite sandwiched between metal (beryllium copper) plates for the 
Burning Plasma Experimental Device (BPX). With this fixture, a compressive load 
(capable of being varied) was applied to a specimen in one direction, and the 
perpendicular shear load necessary,to cause the specimen to fail was measured. This 
design is not suitable for testing at'4 K, although it was adequate for tests at 77 
K, the lowest operating temperature of the BPX. - 

The test fixture developed at the National Institute of Standards and Technology 
[4] (NIST) simulates ITER requirements and uses a specimen configuration that with 
minor modifications will permit 4-K irradiation in the limited geometries currently 
available [l]. Two specimens are loaded in series in the three-piece fixture (Figure 
1). As an axial compressive load is applied, the inner wedge-shaped part of the 
fixture is free to move as the two specimens udergo deformation. The bottom fixture 
is rigidly attached to a base plate and the top is attached to a compressive push 
rod. Specimens can be tested while immersed in liquid nitrogen or liquid helium. 

'Cryogenic Materials Inc., Boulder, CO 80303, U.S.A. 
. 



Changing the angle B of the test fixture permits variations of the ratio of shear to 
compressive forces on the specimen. 

PROCEDURES 

., The specimens are a sandwich type with fiber-reinforced composite between two small 
plates (12.7 x 12.7 x 3.40 mm) of 304 M stainless steel. The composite consists of 
S-P-glass+ cloth, layered to form nominal volume fractions of 0.52 and 0.64, and an 
epoxy resin (diglycidyl ether of bisphenol A with an anhydride curing agent). The 
fiberglass cloth used was a plain weave, 
192 g/m2. 

style number 4533, with an area1 density of 
The number of bundles of fiber in the fill direction was equivalent to 

that in the warp direction (18 x 18). Nevertheless, the warp direction of the 
fiberglass was tracked during cutting, assembly, and testing. The fiberglass was cut 
in 12.7 x 12.7 mm squares with a punch-type die. The cleaned, sand-blasted, and 
vapor-degreased stainless-steel plates, and the fiberglass cloth were assembled into 
a mold. After assembly the mold was sealed, vacuum-impregnated, and cured for 5 h at 
110 "c. The specimens were then removed and post-cured for 16 h at 125 "C. Excess 
epoxy was removed from the specimens prior to testing. 

Fixtures were machined from a,Ti alloy to enable tests at angles of 0, 15, 30, 
45, 60, and 75", measured from vertical. (The 0' fixture is a single-specimen lap- 
shear type.) The smaller angles correspond to tests with a larger shear component 
and the larger angles to tests with a larger compressive component. AS the 
compressive component increased it was necessary to move to larger capacity machines. 
As a result, tests were conducted on three machines, two screw-driven machines of 35- 
and a lOO-kN capacity and a servohydraulic machine of 250-kN capacity. All specimens 
were tested at 76 K with a crosshead velocity of -0.01 cm/min. 

RESULTS 

A production lot of 66 specimens was generated with nominal fiber volume fractions of 
0.52 and 0.64. Because of the specimen design it was not possible to test the 
composite material in pure compression, since the aspect ratio (length to width) was 
too low. Post-test analysis showed that the specimens exhibited one of six failure 
modes: (1) Type-A cohesive (Figure 2A), failure within the layers of fiberglass; (2) 
Type-B cohesive (Figure 2B), failure between the epoxy bonded to the stainless-steel 
and the outermost fiberglass layer; (3) Type-C mixed, a combination of Type-A and 
Type-B cohesive failures; (4) Type-D adhesive, failure at the stainless-steel/epoxy 
interface; (5) Type-E mixed, a combination of Type-A cohesive and Type-D adhesive 
failures; and (6) Type-F mixed, a combination of Type-B cohesive and Type-D adhesive 
failures. Surprisingly, in most of the Type-A cohesive failures the fracture path 
was not interlaminar, but instead jumped across layers. This more tortuous path 
resulted in considerable fiber breakage. A failure was designated to be Type-B 
cohesive failure if virtually no fiberglass adhered to the stainless-steel plate. In 
no case was an absolute Type-D failure observed. 

In presenting the results we have chosen to use the term "strength," not 
"stress.* The data represent failure strengths under simultaneously applied shear 
and compressive forces. The relationship between these resolved forces is 
established by the fixture loading angle (P case - shear force, P sine - compressive 
force, where P is the applied axial load). Figures 3A and 38 present the 
relationship between the resolved shear- and compressive-strength components. These 
figures show the results of testing at six angles for specimens with a nominal volume 
fraction of fiberglass of 0.64 , and at five angles for specimens with a nominal 
volume fraction of 0.52. 

DISCUSSION 

The trend of shear-compressive strengths is similar for nominal volume fractions of 
fiberglass of both 0.52 and 0.64. Figures 3A and 3B show that shear strength 
increases with compressive load, through test angles of 75' (where 96% of the applied 
load is resoved as a compressive force and 25% is resolved as a shear force). This 
is in agreement with the relationship observed by Bushnell et al. [S] in the range of 
compressive loads that they investigated (up to an equivalent angle of 40" with the 
NIST test fixture). 



A difference was observed in the failure modes of specimens with nominally 0.64 
volume fraction from those with 0.52 volume fraction of fiberglass. Type-A failures 
(cohesive failures among the fiberglass layers) are considered the most desirable and 
Type-D (adhesive failure at the epoxy/steel interface) the least desirable mode of 
failure. Twenty-nine specimens with a nominallly 0.64 fiber volume fraction were 
tested to failure. Of those 29 specimens all but one failed in a cohesive (Types A, 
B and C) manner. Furthermore, all but three involved failures in the fiberglass 
reinforcement (Types A, C, or E). TypebA failures accounted for 66% of all the 
failures for this volume fraction. Eighteen specimens with a nominal fiber volume 
fraction of 0.52 were tested to failure. These specimens did not consistently fail 
in a cohesive manner as did the specimens with nominally 0.64 fiber volume fraction. 
Eight out of 18 specimens (less than half) exhibited cohesive-type failures (Types A, 
B, or C). Out of the same 18 specimens, nine involved failure in the fiberglass 
reinforcement. Only 17% of the failures were Type A. 

The resolved failure strengths do not differ significantly for specimens with 
nominal volume fractions of fiberglass of 0.52 or 0.64. One would expect the 
strength to increase with increasing fiberglass content, but it appears that for this 
fiberglass cloth style and specimen type a plateau in strength ranges from a volume 
fraction of about 0.52-0.64. (Actual volume fractions determined from measured 
specimen thicknesses ranged from 0.525 to 0.558 and from 0.618 to 0.661.) It is not 
clear whether the plateau in strength extends beyond this range. However, in a 
preliminary study with these test fixtures and a similar method of specimen 
production, strengths for a volume fraction below 0.3 were -35% lower than those seen 
in this study (41. 

CONCLUSIONS 

The results indicate that shear strength continues to increase with compressive 
stresses up to a loading angle of 75' where 96% of the applied load is resoved as a 
compressive force and 25% is resolved as a shear force. At all angles, the failure 
mode was primarily interlaminar shear. But at a loading angle of 90°, the applied 
force is compression and the failure must change to a compressive mode, Therefore, 
the relationship between shear and compression must change dramatically at loading 
angles between 75 and 90'. 

Contrary to expectations, the maximum load for a given angle does not change 
with volume fraction in the range of 0.52-0.64. The mode of failure may be 
influenced by the volume fraction; from the limited test matrix more cohesive failure 
occurred in the specimens with higher (0.64) fiber-volume fraction. 

+Trade names are furnished to identify the material adequately. Such 
identification does not imply recommendation or endorsements by NIST, nor does it 
imply that the material identified is necessarily the best available for the purpose. 
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Figure 1 Schematic of the NIST angled 
fixture. 
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Figure 2 Photographs of typical examples 
of the two cohesive-type failure modes, 
(a) Type A and (b) Type B. 
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Figure 3 Relationship between the shear and compressive strengths for specimens 
containing nominally (a) 0.6& and (b) 0.52 fiberglass volume fraction tested at 76 K. 
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COMPo$lTE TEWNOLOGY DEVELOPMENT, INC. 
1505 Coal Creek Drive l Lafayette, Colorado 60026 

Phone: (303) 664-0394. Fax: (303) 664-0392 

Shear/Compression Test Results 

Resin System: 
Relntorcement: 
Barfler: 
Primer: 
Spedmen Type: 
Matedal Reference #: 

CTDl12P (TGDM Epoxy) 
S-2 Glass - 6580 
None 
clba oz-80 
S/C - Copper Chip 
Run tl89 

Condition: AR 

Load Rate: 0.0018 mm/s 

Test Fixture: 
Test lbte: 

15” 
2l24i97 

Test Temperature: 333K 

SHEAR STFENGTH COMPRESSION SlRENGni 

AVERAGE (MPa): 28.66 AVERAGE (MP4: 7.65 

STD.DEV. (MPa): 0.73 STD.OEV. (MP4: 0.19 

cv: 0.03 CV 0.03 

SHEARSTRENGTH COMPRESSION STRENGTH 

AVERAGE (MPa): 26.97 AVERAGE (MPa): 723 

STD.DEV. (?#a): 1.64 SlD.OEV. (MPa): 0.44 

cv: 0.06 cv: 0.06 

Failure Mode: 
AiP - Adbshm fdluro al the mets&ximer interlace. 

C/P - Cohesive failure h 01s primer. 

c - cohrshn ralbrs h Ihe ampo~itr. 

Advanced Materials Development l Cryogenic Applications Specialists l Materials Testing & Evaluation 



~TD 
COMPOSITE TEWfNOLOGY DEVELOPMENT, INC. 

D 1505 Coal Creek Drive l Lafayette, Colorado 80026 

Phone: (303) 664-0394 l Fax: (303) 664-0392 

Shear/Compression Test Results 

Resin System: CTD-112P (TGDM Epoxy) 
Relnfotcement: S-2 Glass - 6580 Condition: AR 
Barrier: None 
Priier: Ciba DZ-80 
Speclflen Type: S/C - Copper Chips 
Material Reference #: Run t189 

6 

Load Rate: 0.0018 mnVs 

Test FbWre: 
lest Date: 

15” 
2f24l97 

Test Temperature: 333K 

SHEAR STRENQTH COMPRESSION STRENGTH 

AVERAGE (MPa): 26.83 AVERAGE IMPa): 7.18 

ST0.W. (Wa): 1.39 STD.DEV. (MPa): 0.37 

CW 0.05 cv: 0.05 

COMPRESSION STRENGTH 

AVERAGE (MPa): 19.02 AVERAGE (MPa): 5.31 

SlD.DEV. (MPa): 3.99 STDDN. (MPa): 0.83 

Cv: 0.16 Ck 0.16 

Fake Mode: 
AtP - Adhesive lakro at the metalprimar tierlace. 

A - Acfhaslve failt~re al the in.s~I~onlW Interiacs. 

C/P - C&e&a failure In Ihe p&m layer. 

c - coheefve IalbJre In the compasito. 

Advanced Materials Development l Cryogenic Applications Specialists l Materfals Testing & Evaluation 



C%!D 
COMPOSITE TECjYNOLOGY DEVELOPMEN’J; INC. . 

0 1505’Coal Cmek Drive l Lafayette, CWomdo 80026 

.Phone: (303) 664-0394 l Fax: (303) W-0392 

Shear/Compression Test Results 

Resin System: 
Relntofcement: 
Barrier: 
Primer: 
Specimen Type: 
Material Reference 1: 

CTD-112P (TGDM Epoxy)lKapton 
S-2 Glass - 6560 Condition: AR 
Kapton 200 HA 
Clba DZ-80 
S/C - Copper Chips 
Run #188 

Load Rate: 0.0018 mm/s 

Test Fixture: 15* 
Test Date: 2Ev97 

Test Temperature: 295 and 395 K 

m27b-2‘ 15‘ 82 A2 8 8.13 3.9 12.67 29.9 8.9 I c/P 

” cnl27b-3 is Al .e2 1 8.13 3.6 12.67 26.7 7.7 1 c 

. . . , I 
.i 

SHEAR STRENGTH s COMPRESSION STRENQTH 

AVERAGE (MPa): 26.91 AVERAGE (MPa): 7.75 

STD.DEV. (MPa): 0.96 STDBEV. (We): 026 

- cv: 0.03 cv: 0.03 

COMPRESSION STRENGTH 

AVERAGE (MPa): 19.91 AMR4GE (MPa): 5.34 

STO.OEV. (htdpa): 2.40 STO.ON. (MPa): 0.64 

cv: 0.12 cv: 0.12 

Fallura Mode: 
AJP - Adhostvo Idlwe al lhe meWprimer Inlertac9. 

/VU - Adherlve failwe at th4 Kag401-1. 

UP - Caheslve lallum in the pdmer layer. 

C - Cohesive laikrre In the wnposhe. 

. 

l 

. 

Advanced Materials Development l Cryogenic Applications Specialists l Materials Testing & Evaluation 



- CTD 
COMPOSITE T&XHNOLOGY DEVELOPMENT, INC. 

D 1505 Coal Creek Drive. Lafayette, Colorado 80026 

Phone: (303) 664-0394 l Fax: (303) 664-0392 .- 
Shear/Compression Test Results 

Resin system CTO-112P (TGDM Epoxy) , 
Relnfofwment: S-2 Glass - 6580 Condition: AR 
Barrier: None 
Primer: Ciba DZ-80 
Specimen Type: s/c - coppe I Chips 
Material Reference #: Run U189 

Load Rate: O.qOl8 mm/s 

Test Flxture: 
Test Pate: 

45” 
z/24/97 

Test Temperature: 333K 

SHEAR STRENGTH COMPRESSION STRENGTH 

AVERAGE (MPa): 44.13 AVEW\GE (MPa): 44.12 

STD.DEV. (MPa): 2.57. STD.DEV. (MPa): 2.57 

cv: 0.06 cv: 0.06 

SHEAR STRENGTH COMPRESSION STRENGlH 

AVERAGE (MPa): 49.72 AVERAGE (MPa): 49.72 

STD.DEV. (MPa): 1.52 STO.OEV. &Pa): 1.52 

Cv: 0.03 CW 0.03 

Follure Mode: 
A/P - Adhedve faUuro a! the melaVp&-ner interface. 

C’P - Cohe~ve falbre h the pdmer. 

C - Col~~stvs failore In the compcsite. 

Advanced Materials Development l Cryogenic Applications Specialists l Materials Testing & Evaluation 



CTD 0 
COMPQSITE TEct;lNOLOGY DEVELOPMEN’I; INC. . 

1505 Coal Creek Drive l Lafayette, Colorado 60026 
’ 

Ph&e: (303) 664-0394 l Fax: (303) 664-0392 

Shear/Compression Test Results 

Aesln Syslem: 
Reinforcement: 
8arrfer: 
Primer; 
Specimen Type: 
Materfal Reference pr: 

CTD-112P (TGDM.Epoxy)Kapton 
S-2 Glass - 6580 
Kapton 200 HA 
Ciba DZ-80 
SIC - Copper Chips 
Run Cl88 

Condiflon: AR 

Load Rate: 0.0018 mm/s 

Test f%ture: 
Test Date: 

295 K 

Test Temperature: 295 and 395 K 

- 

SHEAR STRENGTH COMPRESSION STRENGTH 

AVERAGE (MPa): 

STDX’EV. (MPa): 

cv: 

49.80 AVERAGE (h4Pa): 49.79 

1.66 STD.DEV. WPa): 1.m 

0.03 Cv: 0.03 

395 K 

an27b-8 4s 8s A6 8 8.13 I 52 12.65 29.3 I 29.3 &Q . 

an27b9 4s 8s 86 8 8.13 1 5.4 12.65 3004 I 30.6 c/P . 

I I 1 

SHEAR STfIENGTH COMPRESSION STRENGTn 

AMRAQE (MPa): 29.66 AVERAQE (MPO): 29.67 

STD.DN. (MPaJ: 0.82 STDDEV. @Pa): 0 82 

cv: 0.03 cv: 0.03 

Failure Mode: 
A/P -Adhesive fallore ai the metaallpdmor Irdorfaa. 

NK - AdhacIw failwe at the Kapton. 

C/P - CobJstve wllnu In me primer. 
VK - Cohezlvo fallwe al Ihe Ka@ar; teatin of tie Kapfon 

C - CohosW fallwe In rho compsito. 

Advanced Materials Development l Cryogenic Applications Specialists. Materials Testing & Evaluation 



FTD 
COMPOSITE TECHNOLOGY DEVELOPMENT, INC. 

1505 Coal Creek Drive l Lafayette, Colorado 80026 
-7 

Phone: (303) 664-0394 l Fax: (303) 664-0392 

Shear/Compression Test Results , 

Resin System: CTD-112P (TGDM Epoxy) 
Reinforcement: 
Barrier: 
Primer: 
Specimen Type: 
Material Reference #: 

S-2 Glass - 6580 
None 
Ciba DZ-80 
S/C - Copper Chips 
Run #187 

Condition: AR 

Load Rate: 

Test Fixture:’ 
Test Date: 

0.0018 mm/s 

15” 
2/18/97 

Test Temperature: 295 and 395 K 

295 K 

cm276 15 06 A6 T  8.10 4.0 12.65 31.1 0.3 C 

cm27-9 15 A6 A5 T  8.10 3.9 12.67 30.2 0.1 C 

SHEAR STRENGTH COMPRESSION STRENGTH 

AVERAGE (MPa): 30.07 AVERAGE (MPa): 6.06 

STD.DEV. (MPa): 1.07 STD.DEV. (MPa): 0.29 

cv: 0.04 cv: 0.04 

395 K 

cm27-11 15 07 A8 T  6.08 2.8 12.67 212 5.7 UP 

~~~127-12 15 B8 A0 T  8.06 3.6 12.66 27.4 7.3 C 

SHEAR STRENGTH COMPRESSION STRENGTH 

AVERAGE (MPa): 23.67 

STD.DEV. (MPa): 3.16 

cv: 0.13 

AVERAGE @Pa): 6.40 

STD.DEV. (MPa): 0.85 

cv: 0.13 

Failure Mode: 
A/P -Adhesive failure at the metaVprimer interface. 

AX - Adhesive failure al the Kapton. 

c/P - Cohesive failure in the primer layer. 

C -Cohesive failure in the composite. 

Advanced Materials Development l Cryogenic Applications Specialists l Materials Testing & Evaluation 



COMPOSITE TECHNOLOGY DEVELOPMENT, INC. . 
1505 Coal Creek Drive l Lafayette, Colorado 80026 

Phone: (303) 664-0394 l Fax: (303) 664-0392 

Shear/Compression Test Results ~ 
, 

Resin System: CTD-112P (TGDM Epoxy) 
Reinforcement: S-2 Glass - 6580 Condition: AR 
Barrier: None 
Primer: Ciba DZ-80 
Specimen Type: S/C - Copper Chips 
Material Reference #: Run rY18.7 

I  

\  

Load Rate: 0.0018 mm/s 

Test Fixture: 
Test Date: - 

45” 
2/l 7197 

Test Temperature: 295and395K 

295 K 

SHEAR STRENGTH COMPRESSION STRENGTH 

AVERAGE (MPa): 51.58 AVERAGE (UPa): 51.57 

STD.DEV. @Pa): 1.77 STD.DEV. (MPa): 1.77 

cv: 0.03 Cv: 0.03 

395 K 

an27-5 45 04 A4 T  8.13 6.8 12.65 382 382 C 

cm27-6 45 03 A4 T  8.05 7.3 12.65 40.9 40.9 A/P 

.--Y 

SHEAR STRENGTH COMPRESSION STRENGTH 

AVERAGE (MPa): 

STD.DEV. (MPa): 

cv: 

40.30 AVERAGE (MPa): 40.30 

1.91 STD.DEV. (MPa): 1.91 

0.05 cv: 0.05 

. 

Failure Mode: 
PJP -Adhesive failure at the metal/primer interface. 

A% -Adhesive failure at the Kapton. 

C/K - Cohesive lake at the Kapton; tearing 01 the Kapton 

C -Cohesive failure in the composite. 

Advanced Materials Development l Cryogenic Applications Specialists l Materials Testing & Evaluation 
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