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I. PROJECT OBJECTIVES 

The objective of this program is to  conduct friction screening tes t s  in  an  
environment of high-temperature, high-purity liquid sodium o r  sodium vapor 
to: (1) develop backup mater ia ls ,  processes ,  and vendors for core  component 
wea r  pads, ( 2 )  investigate mater ia l  treatments and coatings for improvement 
of wear  behavior of common LMFBR structural  mater ia ls ,  (3) evaluate weld- 
deposited hardfacings and/or  prefabricated bearing mater ia ls  for use  in  long- 
term, high-temperature, high-fluence regions, (4) evaluate bearing mater ia ls  
with a low potential for change in  surface composition due t o  corrosion o r  m a s s  

t ransfer  effects, and (5 )  develop statist ical  confidence in  friction values for 
s ele ct e d mater ia l  c ombinati on s . 

11. TECHNICAL PROGRESS DURING FISCAL YEAR 1974 

The GFY 1974 effort was a continuation of the friction tes t  program star ted 
in  G F Y  1972. At that time, two t es t  mat r ices  of 18 couples each were  tested in 

sodium t o  the temperature ,  surface loading, and wear conditions specified by 
HEDL (see  "Annual Technical P r o g r e s s  Report, Sodium Technology and Cover 
Gas Seal Development Programs,  GFY 1972," AI-AEC-13037). 
year ,  GFY 1973, five additional tes t  matrices were  completed ( see  "Annual 
Technical P r o g r e s s  Report, Sodium Technology and Cover Gas Seal Develop- 
ment Programs,  GFY 1973," AI-AEC-13110). 
matrices were  tested. 

In the following 

During GFY 1974 four m o r e  

Frict ion testing of each test matrix was performed in  liquid sodium (sodium 
vapor for Matrices 5 and 10) t o  the HEDL specified temperature  and procedural 

sequence. To  a s su re  that the oxygen content 0x1 the sodium was at levels below 
3 - n n r n n e . r i  nrlir-rnrlirlm~rarnnlpc-were taken and analyzed per  ANL /ST6. 
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Breakaway (initial movement after dwell at temperature and under load), 
static (breakaway at each subsequent running cycle), and dynamic (based on 

average force during the total  running cycle) friction coefficients were  measured 

on each couple under the temperatures and contact forces and af ter  the dwell 
periods. In the sections that follow, these measured values for Matrices 8, 9, 
9A, and 10 a r e  tabulated and plotted. The static and dynamic friction coeffici- 
ents shown were the average values observed over Wear Cycles 2 t o  5 with those 
measured over Cycles 19 t o  24. 

wear or  coating depletion a r e  included in each section. 

63 

Photographs of couples displaying significant 

When evaluating the resul ts  of each tes t  matrix,  it i s  important to  note that 
a complete understanding of the intended mater ia l  application, the operating 

temperature  in  service, the number of operational cycles, the tolerable friction 
coefficients in service, the amount of surface deformation (wear permissible 
over the components anticipated useful lifetime), long-term corrosion r e s i s t -  
ance, mechanical strength properties,  irradiation effects, and ability t o  with- 
stand thermal  cycling a r e  a l l  necessary to  properly and sensibly apply the tes t  
results.  
ing t e s t s  through the coordination and interpretation of resul ts  from a l l  of the 
friction tes t  programs being currently conducted by AI, HEDL, LMEC, and 
WARD. 
HEDL t o  present total program resul ts  to  date. 
input for this document. 

HEDL is performing the final evaluation of the resul ts  of these screen-  

To this end, an inter im Topical Report i s  presently being collected by 
AI has submitted i t s  required 

Fabrication of t es t  specimens fo r  the eleventh and twelfth t e s t  mat r ices  is 
being initiated. 

A brief discussion of each of the fourmat r ices  tested in G F Y  1974 i s  p r e -  

sented in the folluwing section. 

A. FRICTION MATRIX 8 

Testing of the eighth friction matrix,  Table 1, was completed on October 15, 

1973, and followed the temperature tes t  sequence noted on Figure 1. 
perature  sequence was performed without incident and without deviation from 
the noted operational procedures. 

t e s t  and analyzed for O2 content per  ANL/ST-6 showed that the O2 level remained 
below the 5 ppm maximum allowable content. 

The tem- 

Sodium samples taken periodically during the 

@ 
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TABLE 1 
FRICTION MATRIX No. 8 

Plate  Rider 

1. 
2. 
3. 

4. 

5. 
6. 
7. 

w 8. 
9. 

10. 
11. 
12. 

13 .  

14. 
15. 
16. 
17. 
18. 

Aluminized Hastelloy C 
Chromized Hastelloy C 

Chromized Carburized Type 304 SS 
Chromized-Carburized Hastelloy C 
Aluminized A- 2 8 6 
Chromized A-286 
Borided A-286 
Chromized- Car  bur ized A- 2 86 
Aluminized Type 304 Stainless Steel 
Chromized Type 304 Stainless Steel 
Borided Type 304 Stainless Steel 
Chromized Carburized Type 

Borided Inconel 718 

Chromized-Carburized Inconel 7 18 

Chromized Type 304 Stainless Steel 
Borided A-286 
A-286 
Type 316 Stainless Steel (annealed) 

304 Stainless Steel 

Aluminized Hastelloy C 
Chromized Hastelloy C 
Aluminized Inconel 7 18 

Chromized- Carburized Ha st ello y C 
Alumini z e d A - 2 8 6 
Chromized A-286 

Borided A-286 
Chromized-Carburized A-286 
Aluminized Inconel 718 
Chromized Type 304 Stainless Steel 
Borided Type 304 Stainless Steel 
Chromized-Carburized Type 

Borided Inconel 718 
Chromized-Carburized Inconel 7 18 

Aluminized Inconel 718 
Aluminized Inconel 7 18 
Aluminized Inconel 718 

Aluminized Inconel 718 

304 Stainless Steel 

800 
800 
800 

800 
800 
800 
800 

800 
800 
800 
800 

800 
800 

800 
800 

800 
800 
300 

Maximum 
I'emper atur e 

("  F) 
1160 
1160 
1160 

1160 
1160 
1160 
1160 
1160 
1160 
1160 
1160 

1160 
1160 

1160 

1160 
1160 
500 

500 
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LO 

SODIUM SAMPLE FOR O2 ( A D D I T I O N A L  SAMPLES AS REQUIRED) 

I 

800 
COLD TRAP 

APPLY LOAD 
TO A L L  
COUPLES 1 

I 

f END OF 
TEST TIME + 

PLACE 
SPECIMENS 
IN LOOP 
A N D  LOAD 

A APPLY LOAD TO A L L  COUPLES RUB 10 CYCLES 

A AFTER OVERNIGHT DWELL. APPILY 25 WEAR CYCLES. 

A AFTER OVERNIGHT DWELL. APPLY 25 WEAR CYCLES TO A L L  BUT COUPLE 17. APPLY 150CYCLES 

A AFTER OVERNIGHT DWELL. APPLY 25 CYCLES TO ALL BUT 17 AND 18. 

A AFTER A 3 d y  MINIMUM DWELL. APPLY 25 CYCLES TO A L L  BUT 17 AND 18. 

T O C W P L E  17; D D N D T  REMOVE LOAD. REMOVE LOAD FROM COUPLE l B A F T E R  CYCLING. 

DWELL OVERNIGHT UNDER SPECIFIED LOAD (EXCEPT NO. 18). DO NOT APPLY ANY WEAR CYCLES 

APPLY LOAD TO NO. 18. DWELL A MINIMUM OF 3 days. APPLY 25 WEAR CYCLES TO EACH COUPLE. 

GENERAL TEST CONDITIONS 

1. TEMPERATURE CHANGE OF WOFlhr (MAX.)  
2. STABLE TEMPERATURE S ° F  
3. PLUGGING TEMPERATURE A T  EACH TEMPERATURE LEVEL 
4. O2 CONTENT TO BE 5 ppm OR LESS THROUGHOUT TEST 

5. OVERNIGHT DWELLS TO BE 16 hr MINIMUM 

65O7-47 133C 

Figure 1.  Temperature Sequence for Eighth T e s t  Matrix 



Breakaway, static, and dynamic friction coefficients were measured a s  

required a t  each temperature level. 

Table 2. These various friction coefficients a r e  plotted in  Figure 2 to  show 
each couple's friction character is t ics  vs the combination of temperature  and 

wear  cycle accumulation. 
i n  Figure 3. 
fied by HEDL) in  Table 3. 

A summary of these data is shavn in  
0 

Photographs taken of select couples af ter  t e s t  appear 
Test  data a r e  a lso presented in the Summary Table format (speci-  

The borided couples (No. 7 - borided A-286 vs itself, No. 11 - borided Type 

304 stainless s teel  vs i tself ,  No. 13 - borided Inconel 718 vs  itself, and No. 16 
- borided A-286 vs aluminized Inconel 718) showed very low friction coefficients 
below 800°F. 
friction coefficients above 0.8. However, a l l  were  characterized by consistently 
high breakaway values. 

specimens. 

Above 800"F, none of the couples displayed static or  dynamic 

Little o r  no surface deformation occurred on any of the 

The chromized-carburized material ,  when tested against itself, performed 

badly, i n  that significant surface wear  and damage was evident on most couples. 
Three specimens (No. 4 - chromized-carburized Hastelloy C vs itself, No. 8 - 
chromized-carburized A-286 vs  itself, and No. 14 - chromized-carburized 
Inconel 718 vs i tself)  showed severe wear  on both the r ide r s  and plates. 
exception t o  this t rend was shown by No. 12 - chromized-carburized Type 304 
stainless s tee l  vs itself, which shaved little or no wear .  
plots shows no outstanding friction performance for  any of the four couples at  
any temperature  ranges. However, when chromized-carburized Type 304 
stainless steel  was tes ted against aluminized Inconel 718 (Couple 3), consistently 
low friction values resulted over the entire temperature range, and neither par t  
sustained significant wear (a  small  a r e a  at the center of the aluminized Inconel 
718 r ider  was polished, apparently due to  a high spot on the surface). 
away values at  1100 and 1160"F, and at  450°F (after the high-temperature tes t -  

ing), for this couple were  in  the range of 1.0 to  1.1. 

An 

A study of the friction 

Break- 

The only couple having a chromized surface that did not experience moder- 

ate-to-heavy surface wear was No. 2 - chromized Hastelloy C vs itself. Couples 

No. 6 - chromized A-286 vs itself, and No. 10 - chromized Type 304 stainless 

s tee l  v s  itself, experienced severe wear  or  surface deformation on both the 
r ide r s  and plates. Moderate wear  was evident on Couple No. 15, which matched @ 
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TABLE 2 

FRICTION TEST No. 8 
Friction Coefficient - 

15OF 
t 
- 
0 -  IO 

0.30 
0.24 
0.59 
0.50 
0.18 
0.40 
0.35 
0.30 
0.37 
0.30 
0.15 
0.42 
0.47 
0.35 
0.63 
0.21 
0.30 
0.58 

0.43 
0.50 
0.75 
0.30 
0.27 
0.48 
0.48 
0.40 
0.75 
0.31 
0.33 

0.22 
0.13 
0.37 

0.30 
0.2 I 
0.43 
0.21 
0.08 
0.30 
0.20 
0.15 
0.35 
0.30 
0.27 
0.50 

0.26 
0.20 
0.48 
0.21 
0.28 
0.50 
0. I5 
0.10 
0.41 

Zy&. 
~ 

0.48 

- 

Contact 
Presmure 

(psi) 

Breakaway(B) 
Static(S)* 

Dynamic(D)* 

8OOF 
A 

I l O O F  
A 

I l6OF 

A 
450F 

A 
450F 

A 
11-35 
Cycle. 

0.36 
0.40 
0.41 
0.34 
0.32 
0.39 
0.37 
0.30 
0.37 
0.47 
0.51 
0.48 
0.50 
0.30 
0.28 

0.39 
0.33 
0. 38 

0.39 
0.33 
0.36 
0.37 
0.33 
0.37 

0.48 
0.40 
0.46 
0.37 
0.33 
0.36 
0.13 
0.20 
0.28 

0.50 
0.31 
0.36 
0.24 
0.18 
0.24 

L l6OF 

a 
SOOF 

A 
650F a IOOOF 

a 
I l O O F  

h 
136-160 
Cycles  

0.88 
0.35 
0.52 

0.93 
0.52 
0.70 
0.69 
0.33 
0.54 
0.80 
0.41 
0 . 5 0  

0.76 
0.41 
0.40 
o.8n 
0.61 
0.72 
>2.0 
0. 32 
0.34 
1.02 
0.45 
0 . 5 5  

1.03 
0.50 
0.49 
0.63 
0.49 
0.41 
1.40 
0. 36 
0.40 
0.73 
0.51  
0.64 
1.55 
0.31 
0.47 
0.88 
0.51 
0.57 
0.92 
0.20 
0.38 

1. 52 
0.43 
0.44 

Rider Plate 

235260 
Cycle. 

I. IO 
0.40 
0.47 
1.43 
0.54 
0.68 
1. IO 
0.45 
0.58 
1.28 
0.59 
0.84 
1.38 
0.53 
0. 70  
>2.0 
0.50 
0.74 
1.88 
0.65 
0.79 
>2.0 
0.44 
0.67 
0.94 
0.57 
0.69 
>2.0 
0.40 
0.53 

1.68 
0.67 
0.74 
0.90 
0.62 
0.70 
>2.0 
0.82 
0.81 
2.00 
0.70 
0.82 

1.04 
0.51 
0.62 
1.04 
0.02 
0.71 
1.06 
0.54 
0.72 
0.73 
0.57 
0.94 

___ 
36-60 
Cycles 

0.38 
0.39 
0.43 
0.40 
0.31 
0.34 

0.23 
0.29 
0.37 
0.38 
0.52 
0.4n 
0 .50  
0.35 
0.4 5 

0.33 
0.32 
0.41 
0.34 
0.35 
0.40 

0.39 
0. 36 
0.45 
0.49 
0.39 
0.44 
0.23 
0.31 
0.41 

0.25 
0. 16 
0.23 
0.27 
0.32 
0.38 
0.23 
0.20 
0.26 
0.54 
0.42 
0.44 

0.30 
0.28  
0.33 
0.32 
0.26 
0.34 
0.35 
0.315 
0.435 
0.30 
0.26 
0.44 

61-85 
Cycles 

0.43 
0.44 
0.49 
0.45 
0.36 
0.48 
0.28 
0.28 
0.36 
0 .55  
0.52 
0.46 
0.48 
0.36 
3.47 

0.30 
0.33 
0.40 
0.39 
0.31 
0.40 
0.45 
0.36 
0.53 
0.43 
0. 32 
0.43 
0.27 
0.28 
0.41 

0.22 
0. I 3  
0.27 

0.35 
0.32 
0.36 
0.18 
0.20 
0.27 
0.40 
0.36 
0.42 

0.25 
0.25 
0.35 
0.40 
0.29 
0.35 

185210 
Cycles  

1.02 
0.41 
0.59 
I .  LO 
0 . 5 5  
0.65 
1.08 
0.23 
0.31 

1.01 
0 . 5 5  
0.63 
0.82 
0.39 
0.56 
1.25 
0.75 
0.88 
1.63 
0.25 
0.31 
1.15 
0.60 
0.71 
0.70 
0.35 
0.39 
1.02 
0.70 
0.73 

I .  I8 
0.77 
0 . 5 5  
1. 19 
0.65 
0.85 
1.63 
0.21 
0.30 
1.03 
0.50 
0.54 
1.20 
0.32 
0.40 

I .  54 
0.43 
0.48 

211235 
cyc le s  

1.24 
0.26 
0.37 
1.44 
0.48 
0.65 
1.06 
0.20 
0.31 

1.08 
0.50 
0.68 
0.96 
0.42 
0.48 
1.56 
0.73 
0.96 
1.72 
0.31 
0.35 
1.72 
0.68 
0.85 
1.04 
0.40 
0.50 
1.54 
0.86 
0.83 

1.62 
0.52 
0.69 
1.80 
0.69 

1.88 
0.29 
0.43 
1. I4 
0.70 
0.58 
1.48 
0.38 
0.44 

1.84 
0.40 
0.50 

0.81 

- 
- 

86-1 IO 
Cycles 

0.56 
0.38 
0.46 

0.46 
0.59 
0.63 
0.34 
0.39 
0.52 
0.60 
0.56 
0.59 
0.65 
0.33 
0.50 
0.41 
0.38 
0.50 

0.57 
0. 36 
0.50 

0.43 
0.42 
0.50 

0.50 
0.38 
0.53 
0.33 
0.34 
0.48 
0.25 
0. 1 5  
0.29 
0.38 
0.37 
0.45 
0.37 
0.20 
0.32 

110-135 
cyc le s  

0.67 
0.31 
0.46 
0.80 
0.50 
0.69 
0.83 
0.50 
0.58 

0.92 
0.67 
0.69 
0.97 
0.38 
0.56 
0.86 
0.50 
0.74 
>1.7 
0.30 
0.34 
1.00 
0.48 
0.55 
1.07 
0.51 
0.61 
0.78 
0.45 
0.60 
0.87 
0.22 
0.39 
0.90 
0.41 
0.56 
1.07 
0.23 
0.31 
0.72 
0.39 
0.49 
0.96 
0.34 
0.44 

1.08 
0.24 
0.30 

161-185 
Cycles 

1.00 
0.26 
0.44 

I .  I2 
0.48 
0.65 
0.93 
0.29 
0.48 

0.95 
0.46 
0.51 
0.80 
0.30 
0.47 
0.85 
0 .58  
0.62 
1.80 
0.23 
0.33 
0.91 
0.47 
0 . 5 5  

1.00 
0.33 
0.40 ' 

0.78 
0.51 
0.55 

1.80 
0.47 
0.41 
0.60 
0.41 
0.65 
>2.0 
0.25 
0.34 
0.97 
0.55 
0.56 
1.05 
0.27 
0.35 

1.48 
0.37 
0.38 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

300 

B 
S 
D 

Aluminized 
Hastelloy C 

Chromized 
Haatelloy c 

Aluminized 
lnconel 718 

Chromized 
Carburized 
Hastelloy c 
Aluminized 
A-286 

Chromized 
A-286 

Borided 
A-286 

Chromire- 
Carburized 
A-286 
Aluminized 
lnconel 718 

Chromized 
304 SS 

Borided 
304 SS 

Chromire- 

1. Aluminized 
n4stelloy c 

2. Chromized 
Hastelloy c 

3. Chromircd- 
Carburized 
304 SS 

4. Chromired- 
Carburized 

5. Aluminized 
n4.telloy c 

A-286 

6. Chromized 
A-286 

7. Borided 
A-286 

8. Chromire- 
Carburized 
A-286 

9. Aluminized 
304 SS 

IO.  Chromized 
304 SS 

I t .  Borided 
304 SS 

12. Chromize. 

B 
s 
D 
B 
s 
D 

B 
s 
D 
B 
s 
D 
B 
s 
D 
B 
s 
D 
B 
s 
D 
B 
S 
D 
B 
s 
D 
B 
s 
D 
B 
s 
D 
B 
S 
D 
B 
S 
D 
B 
s 
D 
B 
s 
D 
B 
s 
D 
B 
S 
D 

o? 

Carburized 
304 SS 

lnconel 718 
13. Borided 

Carburized 
304 SS 
Borided 
Inconel 718 

14. Chromize- 
Carburized 
lnconel 718 

15. Chromized 
304 SS 

16. Borided 
A-286 

17. A-286 

Chromire- 
Carburized 
Inconel 718 
Aluminized 
Inconel 7 18 

Aluminized 
lnconel 718 

Aluminized 
Inconel718 

Aluminized 
lnconcl 718 

0.26 
0.31 
0.39 
0.25 
0.31 
0.34 

0.39 
0.30 
0.36 

0.40 
0.38 
0.45 

0.35 
0.30 
0.44 

0.42 
0.31 
0.38 

0.30 
0.34 
0.39 
0.23 
0.27 
0.40 

- N o  friction cycles run above SOOF 

18. 316SS 
(Annealed) F- Zero load, no friction cycles above ! 

I I I I 

Measurements nude  after overnight dwell (minimum) f$ Mea8urements nude  after 3 d.y dwell (minimum) 
8 Average obmerved during cycles 2-10 and 19-24 
t Prior to Cold Trappin8 
5 150 cycles run 
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304 ss INCONEI 718 

O5 - 

a 4  800PSO I O  - 
CHROMIZED CHROMIZED 
CARBURIZED CARBURIZED 
11301l44144ll 31671l131611) 
E D 
HASTELLOY C HASTELLOY C 

-- -- 0 5 -  --* 
a 5  8w pn 
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A t 
T s  rm 

A-286 
Aluminize 

Aluminum Bronze 
AmCerMel 701 -N6' 
AmCoMo 68-31 

AM 355 
Ampco 22  
Boride 
Chromize 
Chromire-  
Carburize 
CI 

C1-D 
CM 
CN-IA 

CN-IB 

CN-IP  

Colomony 5 

c, -plats 

C r  C . 1 5 N i  3 2  
Cr23C6 
Elect rolira 
Haynea 90 
Haynes 273 

Hamtelloy C 
I 7 1 8  
Inconel X-750 
K-ramic 
KI5lA 
K165 
L c - I C  
MIIEO EONS 
Metco BINS-IO 
Mctco 8IVF-NS-I2 
M O ~ C O  410-NS-10 
Ni Resist 
Strllitc 6 

Stellite 6 8  
Stellite 1016 

T ic .  
T ic -2  
T i c  - I O  M o  

T i c  - I O  Nb 

T i c  - TiN 

TM 
TN 
Tribqloy I 2 0  

Tribaloy I 2 5  
Tribaloy +oo 
TribaIoy 700 

Tribaloy 800 

TZM 
Vit rolube 

17-4 PH 
17-7 PH 

Mater ia l  and Source 

Age-hardened steel with 25% Ni, 15% Cr ,  and 2% Ti 
Diffusion of aluminum mto an alloy surface coating. 
nickel-containing alloy., Chrominng Co. 
Ambco 2 2 ,  aluminum-brawe alloy 14.1% AI,  4.7% Fc -Ampco Metal  Co. 
Proprietary nickel-chrome base cermet  - AsIro-Met Associatea 
Proprietary cobalt-molybdenum b a s e  c e r m e t  - Ast ra  Met Associatea 

Precipitation-hardened steel with 162 C r ,  4% N I ,  and 3% M o  
sea aluminum bronze 
Diffusion of boron into a n  a l loy  surface coating. 
Dillurnion of chromium into the murface, creating a chrome-r ich l a y e r ,  Chromizing Co. 
Carbon-enriched chrome diffueion process. 
fmin.  I. Chromizing Co. 
Chrome carbide, 1 5  v o I  h Inconel 718, applied on Type 316 ~ t a t n l e s s  steel by plasma 
torch. U n m n  Carbide Corp. 
Chrome carbide, 15 v o l  7. Inconel, D g u n  on Typc 316 stainless ~ t e e l ,  Union Carbide Carp. 
Chrome carbide 20 v o l  ?O M o ,  plasma spray on Type 316 stainless steel,  Umon Carbtde Corp. 
Chrome carbide. I S  vol  90 Nichrome. deposited on Type 316 stainlei .  steel by detDNlion gun 
under "hot gun" conditions, Union Carbide Corp. 
Chrome carbide. I 5  vol  5 Nrchramc. deposited on Type 316 at i inless  steel by detonation 
gun  under ' ' ~ o o l e i  gun" conditions, Union Carbide Corp.  
Chrome carbide, I S  "01 % Nichrame. p l a s m  .pray on Type 316 stainleas s t e e l ,  Union 
Carbrde Corp. 
Weld-deposited mi t e r i a l  - nickel-base a l loy  with 1 1 %  C r ,  44, Fe, 3 %  SI. and 2% 8, Wal l  
Colomony Corp. 
Hard chrome plate, p e r  Federal Speciftcalion W-C-320.  Class II 
Cr3C2  coating, applied by electric a p r k  discharge method, Mech-Electron Corp. 

Chrome carbide ton dltty.ion coatin# on Type 316 . tamlees steel - Endurex Corp. 
Proprlerury Ltsrunie -prating procc.8, Electrolire Lorp. 
Iron-base alloy with 27% Cr  -Stellite Div i s ion  of Cabot Corp.  
Weld-deposited m a t e r u l  - nickel-base a l l o y  wxth 5.3%. Fe. 17% M o ,  and 165. C r ,  Stell l ie 
Division of Cabot Corp. 
Nickel-base alloy with 15% M o  and 16% Cr ,  Union Carbide Corp. 
Inconel 718, !nlerMtlOna! Nickel Corp. 
Nickel-baee ~ l l o y  with 16% Cr.  7% Fe - h t e r n a t L O M l  Nickel Corp. 
Proprietary ceramic composite coat ing on Type 316 stainle,. steel - Kaman Science. CO:~. 
T i c  cermet - 81% TIC. 1 %  Ni. Kennameti1 Corp. 
TIC cermet - 83?0 Tic .  8 . 5 %  M o ,  KtnNmc1.l Corp. 
Detonation gun coaling of Cr  C with 1Swu NtCr, Cnion Carbide Corp. 
Chrome carbide with NIchrome. flame spray. PIamma Technology 
Chrome carbide with Ngchrome, f lame .pray. Plasma Technology 
Chrome carbide with Nichrome. flame spray. P1a.m. Technology 
Chrome carbide wtth nickel alumtmde binder. flame spray. Plasma Technology 
High nickel bare ca.1 iron iwvlth 30% Ni, 25. C, and 2 . 5 %  S t I  ASTM A419 Type D3A 
WeId-depo.ited mater ia l  - ~ o b a l t - b a s c  alloy with 275, C r  and 5 8  W, Stellite Division of 
Cabot Corp. 
Wrought marenal  - cobalt-base alloy with 27?* C r  and 5% W - Slelltte Division of Cabm Corp. 
Weld-depo'ited mater ia l  -cobalt-base a l lay  with 325, C r  and 174. !V, Stellite Diviiion of 
Cabol Corp. 
Titanium carbide ion-diffusion cmtinp on Type 316 mlain1c.s steel - Endurex Corp. 
T i c  - I O %  Mo coating, applied by c l e c t r ~ c  s p r k  discharge method, Mech-Electron Corp. 
T ic  - 10% Mo coating. applied by electr ic  s p r k  discharge method. Mcch-Electron Corp. 
(Same a. Tic-21 
T ic  - IO% Nb cmting. applied by electric s p r h  discharge method. Mech-Electron Corp. 
Titanium carbide - titanium nitride ion-diflusion coating on Type 116 .tainlc.s steel - 
Endurex Corp. 
TIC with 15 wt Z Mo, applied by plasma .praying, Union Carbide Corp. 
Tic with 15 \M 5. NiCy, applied by plasma spraying, Union Carbide Corp. 
ViCoMoSi DuPont cb.ting, flame spray on Type 316 stainlea. steel.  DuPont Corp. 
JoMoSkCr DuPont coating, llame spray on Type 116 stamless  mtesl, DuPont Corp. 
ZoMnSiCr DuPonl coatins, flame spray on Type 316 stain1e.m .teeI, DuPont Corp. 
ViMoSiCr DuPont c-ling. weld deposited IWDl or p1a.m. coated (PCI on Type 116 stain- 
a s 8  i t e e l  - DuPont Corp. 
3oMoSiCr DuPont c-ling, weld depostted IWDl o r  plasma coated 1x1 on Type 116 
ttainle.. .tesl. DuPont Corp. 
u ~ l y b d c n v m  alloy, with QQ% Mo, 0.5% Ti, and 0.08% 7 r  
uoS dry-film lubricant wulth ceramic binder. cowed on Type 316 SS - National Procr.. 
hduftrie. 
Prccipituion-hardened mteel with 177. Cr. 4% Ni, and 4% Cu 
Precipi ta t ion-hrdened steel with 17% C r ,  7 2  Ni, and 1% AI 

Nickel aluminide rich iurface  layer in 

Chromwing Co. 

Cuter layer  45% chrome Imm. I and 0.59. carbon 

3 2  

Figure 2. Friction Matrix No. 8 - Friction Coefficients vs wear Cycles 
(Coating Mate r ia l  Identification) 

(Sheet 4 of 5 )  
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I i 

n 

- 
T e r m  

A 

AR 
ARDB 
ARWB 
B 

B 17 -4PH 

B 304 

B316 
B I 7 1 8  
C 

CDB 

CWB 
D 
E 

ESD 
FS 
ND 

PC 
WD 
xxxf 

(xxxf) 
16 

Description 

Very low wear o r  essentially no wear 

As received 
As received, d r y  brush 
As received, wet brush 
Low wear  (have visible shiny spots, but have no physical 
surface damage) 

Base mater ia l  was precipitation-hardened s teel  with 1770 Cr ,  
470 Ni,  and 470 Cu 

Base mater ia ls  was Type 304 stainless s teel  

Base mater ia l  was Type 316 stainless s teel  
Base mater ia l  was Inconel 7 18 
Medium wear (slightly scratched) 

Cleaned, dry  brush  

Cleaned, wet brush 
High wear (scratched, along with a few deep cuts) 
Very high wear (heavily scratched, with o r  without welding 
spots) 
Electric spark discharge process by Mech-Electron Corp. 
Flame sprayed 
Nondimensional finish. Tyrco wheel process ,  surface 
rms < 16 

Plasma coated (sprayed) 
Weld deposit 
Pre- tes t  surface finish (i.e.,  100 f = 100 roms)  
Post-test  surface roughness C i.e. (loof) = 100 rma) 3 
Surface finish was 16 rms (or better) ground finish 

~~ 

Figure 2. Friction Matrix No. 8 - Friction Coefficients vs Wear Cycles 
(Coating Mate r ia l  Identification) 

(Sheet 5 of 5 

11 



CHROMIZED-CARBURIZED HASTELLOY C CHROMIZED-CARBURIZED HASTELLOY C 

COUPLE 4 6507-51260 

CHROMIZED-CARBURIZED A-286 

COUPLE 8 

CH ROMIZED-CAR BUR IZED A-286 

6507-51272 

CHROMIZED-CARBURIZED INCONEL 718 CHROMIZED-CARBURIZED INCONEL 718 

COUPLE 14 6507-51 263 

6507-51 396 

Figure 3. Matrix 8 - Friction Tes t  Specimens 
(Sheet 1 of 3)  
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CHROMIZED A.286 CHROMIZED A-286 

COIJPLE 6 6507-51 271 

CHROMIZED TYPE 304 SS CHROMIZED TYPE 304 SS 
COUPLE 10 6507-51259 

CHROMIZED TYPE 304 SS ALUMINIZED INCONEL 718 

COUPLE 15 6507-51269 

6507-51397 

Figure 3 .  Matrix 8 - Frict ion Test  Specimens 
(Sheet 2 of 3.) 
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ALUMINIZED TYPE 304 SS ALUMINIZED INCONEL 718 

COUPLE 9 6507-51273 

A-286 
COUPLE 17 

ALUMINIZED INCONEL 718 

6507-51262 

TYPE 316 SS (ANNEALED) ALUMINIZED INCONEL 718 

COUPLE 18 6507-51 264 

6507-51398 

Figure 3. Matrix 8 - Friction Test Specimens 
(Sheet 3 of 3 )  
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TABLE 3 

DATA SUMMARY - FRICTION TEST 8 
(Sheet 1 of 6 )  

Test Teat Conditions I Friction Reaults I 

I I Materials I 

t I I I 

t I I I 

57.11800 

I 157. m o o  

I I Rubbing I I I I 

Commenta 

Stroke 
verage Length ~~~~r  ell Break-  

( i n  ) 

35117.5 68 0.36 0.36 0.42 0.42 ' 0.38 0.43 0.43 
2601130 164 1.10 0.40 0.43 0.43 0.52 0.52 x p  

Prev'ousex~er'ence'ncludes 1015at450'  
0 '07 d 1 2  r i o r  to cold tra 1" 

a t 4 5 0 ' F ~ l u e 2 O O / I O O a t o t h e r t e m p .  l e v e l s  

Rubbing experience 'nc ludea 85142'5 at  
lower temperature levels 110155 20 0.56 0.40 0.40 0.39 0.40 0.48 0.48 

I I ,  I I I I I I I I I I 
2 lOllO5 I 20 I 1.02 [ 0.45 I 0.45 I 0.42 I 0.54 I 0.59 1 
235/117.5/ I16 I 1.24 I 0.24 1 0.27 I 0.27 I 0.43 I 0.43 

35117.5 68 0.34 0.30 0.38 0 . 3 8  0.31  0 4 2  0.42 

26Oll30 164 1 . 4 3  0.51 0.56 0.56 0.62 0.69 0.69 

110155 20 0.46 0.52 0.59 0.59 0.55 0.65 0.65 i Same as 8 - 1  

2IOl l05  20 1.18 0.49 0.57 0.57 0.58 0.68 0.68 

2 3 5 / l 1 7 . ! l l 6  1.44 0.46 0.50 0.46 0.58 0.66 0.66 

35/17.5 68 0.37 0.33 0.33 0.31 0.36 0.38 0.38 
'2601130 I64 1.10 0.50 . 7 5 0  . 0.50 0.60 0.60 0.58 1 _ _ _ _  

1 I I 1110155 I 20 1 0.56 I 0.35 I 0.40 I 0.40 I 0.46 1 0.54 I 0.54 1 I Same a s  8 - 1  

2101105 20 1.24 ( 1 )  0.37 0.36 0.43 0.37 0.36 
0 '07 1 d12 /2351117.4 I16 1 1.06 I 0.52 I 0.52 I 0.20 I 0.40 1 0.40 1 0.31 1 

( 1 )  Initial static friction data unreadable on chart paper. 



c 
Temt T e s t  Conditions Fr ic t ion  Resul t s  

Rubbing 

Static Fr ic t ion  Dynamic Fr ic t ion  Mater ia l s  Stroke 
 tempera- Load1 Average Length ~~~~r Durell Break- 

P l a t e  t u n  P r e n s u r e  Velocity (P in  Number Pin (. F) (Ib)/(psi) (in. d,am- of ( h r )  F:Eyon Average  Maximum Average Average Maximum Average 
Stroke81 Initial Observed Final Initial Observed Final 
Distance 

(in 1 
Chromize-  C h r o m i r e -  35117.5 68 0.47 0.38 0 . 5 5  0.55 0.37 0.52 0.52 

Hastelloy Ha telloy 2601130 164 1.28 0.64 0.64 0.60 0.79 0.86 0.86 
8-4 Carbur ized  Carbur ized  450 157.1400 0.07 d / 2  

e 
110155  2 0  0.60 0.48 0.58 0.58 0.52 0.59 0.59 

2l01105 20 1.01 0.48 0.67 0.67 0.54") 0.70 0.70 

2 3 5 / 1 1 7 . 5 1 l 6  1.08 0.59 0.59 0.52 0.60 0.77 0.77 

35117.5 68 0.50 I ' I )  0.30 0.30 "' 0.28 0.28 

A-286 A-286 2601130 164 1.38 0.52 0.56 0.56  0.64 0.73 0.73 

11-2Of 31-67f 
(44-144fI (13-161f) 

I160 

Aluminized Aluminized 450 

110 /55  20  0.65 0.41 0.41 0.30 0.49 0.50 0.50 27-401 22-441 
(24-58fl (13-331) 

210/105 20 0.82 0.59 0.59 0.35 0.58 0.58 0 . 5 5  

2351117.5 116 0.96 0.56 0.56 0.42 0 . 5 0  0 .50  0.47 

Chromized  Chromized 450 35/17.5 68 0.39 0.19 0.37 0.37 0.33 0.40 0.40 

A-286 A-286 2601130 164 > 2 . 0  0 . 5 1  0.51  0.50 0.71 0.79 0.79 

1160 

16-27f 11-29f 
(89- 1181) (36- 178f) 800 I10155 20  0.41 0.34 0.41 0.41 0.36 0 . 5 5  0.55 

t 
20 1.25 0.77 0.77 0.77 0.77 0.89 0.89 

235/117.5116 1.56 1.13 1.13 0.75 0.84 0.99 0.99 
1160 157.Y800 0.07 d l 2  2 1 0 1 1 0 5  

(1) Initial value. unreadable on c h a r t  papcr. 

Comments 

Same a s  8-1 

1 
' 

Same a s  8-1 

Same a8 8-1 

J 



TABLE 3 

Temt 

9 

Teat Conditio) 

DATA SUMMARY - FRICTION TEST 8 
(Sheet 3 of 6 )  

Materials 
Tempera- 

ture 
(‘F)  

Load/ Average 
Pressure Velocity 
1Ib)/(psi) (in. l s e c  

Number 

8-7  

8 - 8  

0.39 
1.88 

0.57 

0.36 0.36 0.35 0.35 0.38 0.38 . 
0.73 0.73 0.62 0.72 0.82 0.76 

_ _  

0.36 0.39 0.39 0.36 0.56 0.56 S a m e a e 8 - I  

Borided Borided 
A-286 1 A-286 I 450 115TI1800 I 0.07 d‘2 2601130 

! l 1 0 / 5 5  

2 l O l l 0 5  
2351117.5 

35/17 
260/130 

110155  

210/105 
235/117.5 

35117.5 
2601130 

1 1 0 / 5 5  

Chromize- Chromize- 
Carburized Carburized 450 

A-286 A-286 

16-27f 
56-1381) (11-851)  

20 

20 
116 

68 
164 

20 

20 

116 

68 
I 6 4  

20 

Rubbing 
,troke 

Strokes/ 
Distance 

20-39f 
l l 3 - 2 3 f l  

5-401 
113-3711 

0.37 ‘ I ’  0 . 3 8  0.38 0.32 0.42 0.42 

Friction Rcaults I 

2.3 

Static Friction Dynamic Friction Comments Break- 

0.48 0.48 1 0 . 4 8  0.59 0.67 1 0 . 6 7  

0.50  

- 
0.70 
1.04 

0.39 0.40 0.40 0.47 0.54 0.54 S a m e a s 8 - 1  

0.54 0.54 0.35 0.43 0.43 0.38 

0.48 0.48 0.40 0.53 0.53 0.48 . 

- 

my,,, I 0.41 j 0.48 1 0.54 i 0.46 1 jSlm. as 

( I )  Value unreadable on chart paper 



TABLE 3 

DATA SUMMARY -FRICTION TEST 8 
(Sheet 4 of 6)  

T e s t  T e s t  Conditions F r i c t ion  Reeul ts  
Rubbing 

Stat ic  Fr ic t ion Dynamic Frict ion Mate r i a l s  Stroke 

, T e m p e r a -  Load/  Average Length GuEEtr mvell Break-  Commenta P l a t e  t u l e  P r e s s u r e  Velocity (P in  
(. F) (Ib),(pai) (in. diam- of ( h r )  F:z!on Average Maximum Average Average Maximum Average Number P i n  

S t rokes /  Initial Obaerved Final  Initial Obaerved Final  
Diatance 

(in ) 

Chromized Chromized 35/17.5 68 0.37 0.32 0.33 0.33 0.36 0.36 0.33 ’ 
8-10 450 157./800 0.07 d / 2  . .-- 

304.5s 3045s 260/130 164 2.30 0.53 0.53 0.43 0.51 0.54 0.54 

1 1 0 / 5 5  20 0.33 0.34 0.37 0.37 0.42 0.50 0.50 Sameas  8 - 1  11-221 12-271 
(52-1051) (13-701) 800 

210/105 20 1.02 0.99 0.99 0.72 0.69 0.76 0.76 

235 /117 .5 l l6  1.54 1.03 1.03 0.83 0.87 0.87 0.86 1 
35/17.5 68 0.13 0.30 0.30 0.21 0.31 0.31 0.28 . 

.- 
I I600 

Borided Borided 
8 -11  450 

3045.5 304SS 2601130 164 1.68 0.71 0.71 0.70 0.84 0 .84  0.73 

20-271 18-671 110155 20 0.25 0.19 0.19 0.16 0.28 0.30 0.30 S a m e a s 8 - I  (17-761) (23-721) 

2 1 o 1 1 0 ~ 2 0  1 . 1 8  0.84 0.84 0.75 0 . 5 8  0.58 0.53 

235/117.5 116 1.62 0.50 0.5 0.52 0.66 0.69 0.68 

Chromize-  Chromize -  35117.5 68 0.50 0.32 0.33 0.33 0.33 0.37 0.37 

304SS 304SS 2601130 164 0.90 0.61 0.62 0.62 0.71 0.71 0.70 

I600 

8-12 Carburized Carburized 450 

17-261 13-221 
(11-171) 

800 1 1 1 1 1 0 / 5 5  20 0.38 0.36 0.39 0.39 0.40 0.47 0.47 Sameas  8 - 1  

210/105 20 1.19 0.72 0.72 0.64 0.66 0.94 0.94 
I160 157.11800 0.07 d / 2  P 

235/117.5116 1 . 8 0  0.81 0.81 0.65 0.81 0.89 0.73 

I 



TABLE 3 

Test  Conditione 
Rubbing 

Stroke Experi- 
Load/ Average Length c22gr Dwell 

Jresaure Velocity (Pin 
:Ib)/(psi, (in, diam- Str:;esl (hr) 

Distance 
( i n  ) 

35/17.5 68 

2601130 164 
57.1BOO 0.07 d / 2  

Q 

Friction Reaults 

Dynamic Friction Static Friction Break-  - 
F",tyon Average Maximum Average Average Maximum Average 

Initial Observed Final Initial Observed Final 

0.24 0.20 0.20 0.18 0.22 0.24 0.24 

2.25 0.96 0.96 0.70 0.89 0.89 0.77 

DATA SUMMARY - FRICTION TEST 8 
(Sheet 5 of 6) 

1 

157.1/800 

I 

4 I I 110155 20 0.35 0.30 0.32 0.32 0.40 0.44 0.44 S a m e a s 8 - 1  

2 1 0 1 1 0 5 2 0  1.20 0.53 0.53 0.32 0.36 0.40 0.39 
0.07 d / 2  

2351117.: 116 1.48 0.53 0.53 0.37 0.37 0.46 0.46 J 

I Test  I 

Comments 

Same as 8 - 1  
- 

Same ae 8 - 1  



TABLE 3 

N 
0 

DATA SUMMARY - FRICTION TEST 8 
(Sheet 6 of 6) 

T e d  Teat Condition, I - -.. 
Rubbing 

Materials Stroke €2::;- 
Tempera- Load1 Average Length Number 

('F) (Ib)/(pai) (in. / sec )  diam- Strokes/ 
Diatancc 

Plate ture Premsure Velocity (Pin 
Of (hr) umber Pin 

Borided 

A-286 
8-16 1 

29-381 

16-201 
(7-631) 

Annealed 

316.5s 

(18-1691) 

(in. ) 
Aluminized 35117.5 68 

450 157.1/800 0.07 d l2  
718 I 260/130 164 

Friction Results 

Static Friction Dynamic Friction 
Comment II Break-  

(1) No cycle. run above 500'F. 
(2) No cycles or data taken above 500'F. 

150 total cycles run at 500'F. Load remained on couple at all temperatures above 500'F. 
Load removed above 500'F. 



chromized Type 304 stainless s teel  against aluminized Inconel 718. 
case,  the chromized r ider  experienced the damage, and the aluminized plate 
was relatively unaffected. Of this group, Couple No. 15 was the best per -  
former ,  as  f a r  as  friction was concerned, inasmuch a s  it displayed static and 

dynamic friction coefficients at 0.4 o r  less  over the entire temperature range. 
Breakaway values at  high temperature,  however, were a s  high as 1.48. 

In this 

Seven couples evaluated aluminized coatings on one o r  both tes t  parts.  

Generally, the static and dynamic friction coefficients did not exceed 0.5,  over 
the bulk of the entire temperature range, but all  showed the undesirable high- 
temperature breakaway peaks. No wear was evident on Couple No. 1 - alumi- 

nized Hastelloy C vs itself, or  on Couple No. 16 - borided A-286 vs aluminized 

Inconel 718. Light wear occurred on both the r ider  and plate of Couple No. 5 - 
aluminized A-286 vs itself; while, on Couple No. 9, moderate wear  occurred 

on the aluminized Type 304 stainless-steel r ider ,  but not on the aluminized 

Inconel 718 plate. 
stainless steel  vs aluminized Inconel 718, No. 17 - A-286 vs aluminized 
Inconel 718, and No. 18 - Type 316 stainless s teel  (annealed) vs aluminized 
Inconel 71 81 all sustained moderate to  heavy surface damage, but primarily 
on the nonaluminized surface only. All of the preceding observations of wear 
a r e  based on visual inspection and evaluation. No  metallurgical examinations 

were made of the coating condition or depth, o r  of the type and extent of wear. 

The remaining couples [No. 15 - chromized Type 304 

B. FRICTIONMATRM 9 

The ninth tes t  matrix,  Table 4, was tested to  the temperature sequence 
shown in Figure 4. Testing was performed without deviation f rom the noted 
operational procedures. Sodium samples,  taken periodically during the tes t  
and analyzed for  oxygen content per ANL/ST-6, showed that the oxygen level 
remained below the 5 -ppm maximum allowable content. 

Breakaway, static, and dynamic friction coefficients were measured, as  
required, at each temperature level. The breakaway friction coefficient was 
computed, using the value of the load which was required to  initiate movement 
on the first wear cycle following the dwell period. 

friction coefficients were computed, using the average of the values observed 
during Wear Cycles 2 and 5 with those measured during Cycle 20 t o  25. 

The static and dynamic 

When 
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TABLE 4 

FRICTION MATRIX NO. 9 

Couple 
No. 

1 
2 
3 

4 
5 

6 
7 

8 

9 
1 o* 

1 2 ’k 

1 4’:: 

11 

13*  

15* 
16 
17 
18 

Rider 

Tribaloy 400 (WD) 

Tribaloy 800 (PC)  
Tribaloy 700 (PC) 

Tribaloy 700 (PC)  

Tribaloy 400 ( W r  
Tribaloy 800 (PC 
Tribaloy 800 (PC 

Tribaloy 800 (PC 

Aluminized I 718 
Chromized/Carburized 304 SS 

Stellite 6B 

Borided A-286 
Chromized/Carburized 304 SS 
Borided A-286 
Aluminized Hastelloy C 

Tribaloy 700 (WD) 
Tribaloy 700 (WD) 
Tribaloy 700 (WD) 

Plate 

Tribaloy 400 (WD) 

Tribaloy 800 (PC)  
Tribaloy 700 (PC)  

Tribaloy 700 (PC)  

Inconel 718 
Inconel 718 
Aluminized I 718 

Stellite 6B 
Tribaloy 400 (WD) 
Aluminized I 718 
Aluminized I 718 

Borided A-286 
Chromized/Carburized 304 SS 
Aluminized I 718 
Aluminized Hastelloy C 

Tribaloy 700 (WD) 
Inconel 718 
Aluminized I 718 

Load 
(psi)  

800 

800 
800 
300 

800 
800 
800 

800 
800 
300 

800 
300 
3 00 
300 

300 

800 
800 
800 

*Couples repeated f rom Matrix 8 
(WD) Weld Deposited 
(PC)  Plasma Coated 
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(L 

w a. 

2 
I- 

N 
w 

COLG TRAP I-= 3 45OoF 

I NO COLD I TA APPI NG 

A 
650 

REMOVE 
LOAD APPLY LOAD.  

TO A L L  I COUPLES 1 
n I 

PLACE TEST 
SPECIMENS 
I N  LOOP 
AND L O A D  

f TIME -- END OF 

A APPLY LOAD TO COUPLES, RUR 10 CYCLES 

A 4FTER OVERNIGHT DWELL, APPLY 25 WEAR CYCLES 

A AFTER 3day DWELL MINIMUM. APPLY 25 CYCLES 

A AFTER OVERNIGHT DWELL, APPLY 25CYCLES 

A AFTER 3-dav DWELL MINIMUM, APPLY 25CYCLES 

A OWELLOVERNIGHT (16-hr MINIMUMI  UNDER SPECIFIED LOAD. DO NOT APPLY A N Y  WEAR CYCLES 

A AFTER A 3dav MINIMUM DWELL. APPLY 25 CYCLES 

GENERAL TEST CONDITIONS 

1 TEMPERATURE CHANGE OF 50°F/hr I M A X  J 
2 STABLE TEMPERATURE +5OF 
3 PLUGGING TEMPERATURE AT EACH TEMPERATURE LEVEL 
4 O2 CONTENT TO BE 5 ppm OR LESS THROUGHOUT TEST 

5 OVERNIGHT DWELLS TO BE 16 hr MINIMUM 

Figure 4. Temperature Sequence fo r  Ninth Test Matrix 
6507-47 1330 



these various friction coefficients were plotted to  show each couple's friction 

character is t ics  vs the combination of temperature and wear cycle accumula- 

tion, much higher than expected friction coefficients were indicated, when 
compared with the results on the same material  combinations in previous 

matr ices .  Consequently, a comprehensive review of the calibration, opera- 
tion procedures,  data reduction, and data interpretation was made. 

A comparison of the pre-  and post-test calibrations revealed that a 

dramatic change in transducer sensitivity occurred at  an undetermined point 
in t ime following the pretest  calibration. 
change, the subsequent data would be high by a factor of 2.56. 
information existed to  establish, with any rea l  certainty, the t ime o r  rate of 

change of instrument sensitivity. Consequently, it was decided jointly by AI 
and HEDL to run an additional tes t  matrix,  9A, to obtain suffici2nt informa- 
tion to  establish a correction factor to  be used with the Matrix 9 data. 

specified the 9A matr ix  composition utilizing the reuse of twelve couples 

(1, 2 ,  3, 5, 6 ,  7, 8, 9, 10, 13, 17, and 18) f r o m t h e  ninthmatr ix .  
of s o  many "repeat" couples in Matrix 9A was intended not only to  generate 
sufficient information to  provide a correction factor for  the Matrix 9 tes t s ,  

but a lso to  provide the first bit of statist ical  data concerning specimens of 
identical mater ia l  compos ition. 

Assuming the change to  be a s tep 
Insufficient 

HEDL 

The use 

Subsequent testing of Matrix 9A (as discussed in the next section) showed 
that a s tep change in the calibration occurred after the pretest  calibration but 
before start of the test. 
factor of 2.56 and a r e  presented accordingly in this section. 

Therefore, all Matrix 9 data were corrected by a 

A tabulation of the revised Matrix 9 data is given in Table 5. Plots of the 

friction coefficients vs temperature levels appear in Figure 5. 
taken after tes t  of the three most severely worn specimens appear in 
Figure 6. 
fied by HEDL) in Table 6. 

Photographs 

Test  data a r e  also presented in the summary table format (speci- 

In general, the Tribaloy mater ia ls  demonstrated excellent wear character-  
ist ics.  
described as a surface "polishing, 

The only evidence of any surface deformation was that which could be 

wherein high spots were smoothed out. 

24 



. 

L. 
&
d
 

9
 

_
- 

L
 

9
 

U
 

0
0

0
0

0
0

0
0

0
0

0
0

 
O

O
O

O
O

O
O

O
O

O
O

 
n

a
n

o
n

a
o

m
n

c
n

Z
 

25 



Contact 
Ire smre 

(psi) 

Bre.*away(B) 
Static (SI' 

Dynunic(D)' 

TABLE 5 
DATA SUMMARY - FRICTION TEST 9 

(Sheet 2 of 2 )  

on Coefficient Fri 

8OO'F 
A 

11OO'F 
A 

l100'F 

A 
1160'F 
A 

1160'F 
A 

450'F 
A 

1000' F 
A 

150'Fs 

3-10 
Cycles 

0.07 
0.18 

0.16 
0.32 

0.13 
0.33 

0.25 
0.34 

0.31 
0.51 

0.29 
0.37 

650'F 
n 

450 'F  
A 

11-35 
Cycles  

0.14 
0.15 
0.23 

0.08 
0.06 
0.19 

0.14 
0.11 
0.21 

0.13 
0.19 
0.25 

0.23 
0.34 
0.39 

0. I 9  
0.23 
0.30 

500'F a 
36-60 
Cycle. 

0.17 
0. I5 
0.25 

0.09 
0.11 
0.25 

0. I 3  
0.09 
0. I 3  

0.23 
0.23 
0.29 

0.35 
0.39 
0.45 

0.24 
0.30 
0.36 

mate 

235-260 
cyc le 9 

0.43 
0.38 
0.63 

0.64 
0.32 
0.48 

1.09 
0.37 
0.59 

0.50 
0.56 
0.58 

0.53 
0.48 
0.55 

0.48 
0.37 
0.43 

211-235 
Cycles 

1.21 
0.40 
0.52 

0.88 
0.18 
0.27 

1.25 
0.36 
0.55 

1.33 
0.36 
0.45 

0.86 
0.38 
0.47 

1.17 
0.36 
0.38 

86-110 
Cycles  

0.29 
0.30 
0.38 

0. I 9  
0.17 
0.23 

0.27 
0.30 
0.43 

0.34 
0.33 
0.39 

0.35 
0.41 
0.42 

0.27 
0.29 
0.36 

136-160 
Cycles  

1.37 
0.35 
0.54 

0.64 
0.16 
0.27 

1.02 
0.30 
0.41 

1.09 
0.29 
0.45 

a s o  
0.36 
0.45 

0.66 
0.23 
0.40 

161-185 
Cycle. 

1.41 
0.34 
0.43 

0.59 
0. I4  
0.28 

0.84 
0.32 
0.47 

1 . 1 1  
0.30 
0.36 

0.67 
0.18 
0.20 

0.66 
0.23 
0.36 

185-210 
Cycle. 

1.02 
0.38 
0.41 

0.55 
0.21 
0.30 

0.68 
0.39 
0.48 

0.90 
0.30 
0.36 

0.68 
0.29 
0.37 

0.70 
0.26 
0.31 

I 61-85 
Cycles 

0.22 
0.22 
0.28 

0.08 
0. IO 
0.22 

0.16 
0.16 
0.26 

0.27 
0.30 
0.34 

0.23 
0.39 
0.47 

0.26 
0.28 
0.30 

110-135 
Cycle. 

0.59 
0.50 
0.56 

0.44 
0. I9 
0.30 

0.47 
0.25 
0.40 

0.59 
0.32 
0.40 

0.50 
0.45 
0.53 

0.46 
0.29 
0.42 

Chromired- 
Carburired 
>P 304 

Chromired- 
Carburired 
TYP 304 s.5 

Aluminized I 7 1 8  

B 
S 
D 

B 
S 
D 

8 
S 
D 

B 
s 
D 

8 
S 
D 

B 
S 
D 

300 

300 

300 

800 

900 

800 

Borided A-286 

Hastolloy C 
Aluminired 
Hastolloy C 

Tribaloy 700 (WD) 

lnconel 718 

Aluminized I 718 

I 
A Measurements made after overnight dwell (16-hr minimum) 

A Measurements made after 3-day dwell (minimum) 
*Average observed during Cycles 2 to 10 and 19 to 24 

(WD) Weld Deponlted (PC) Plasma Coated 
tCouples repeated from Matrix 8 
SPrior to cold trapping 



N 
4 

1 I60 1100 

4 5 0  

lo00 
800 

6 5 0  I R I D E R  P L A T E  

t 9-1 8W PSI 

--me- 801 11501l 801 19011 

9 5  

_- -  - -  I W D l  8 3 1 6  
271 l2Ol l  261 12711 

800 ))SI 

_ - - - -  _ - -  IPCI 8316 
801 18011 301 I2011 

1 I 1 1 I '  1 I 1 1 I 
0 10 35 60 85  110 135 160 185 210 2 3 5  260 NO OF TEST CYCLES 

D W E L L  T I M E  

NOTES 

I MATERIALS A N 0  SOURCES ARE 
lOENTlFlEDONFlGURE 2 SHEET 

Z SYMBOL DESCRIPTIONS ARE 

1 OASHEDLINES REFER TO DYNAMIC X-X-X FRICTION 

8 SOLID LINES 
REFER TOSTATIC FRICTION 
THE FIRST DATA POINT IDOTl 
ABOVE THE DWELL SYMBOL IS 
THE BREAKAWAV FRICTION 
THE SECOND DOTS ARE THE 
AVERAGE VALUES FOR THE 
FIRST FIVE STATIC A N 0  
DYNAMIC CYCLES 

7 INTERMEDIATE DOTS IWHEN 
PLOTTEDI REPRESENT THE 
AVERAGE VALUES MEASURED 
AT THE MIDPOINT OF THE 
WEAR CYCLE APPLICATIONS 

8 TUE FINAL DOT IPRECEDING 
THE NEXT DWELL SYMBOL) 
ISTHE AVERAGE STATIC AND 
DYNAMIC VALUES OVER THE 
LAST FIVE CYCLES 

9 OWELL TIMES SHOWN WERE 
SPENT AT THE SAME TEM 
PERATURE NOTE0 FOR 
SUBSEOUENT TEST CYCLES 

PERATURE EACH MATRIX SEOUENCE FOR DETAILED FOR 

TEMPERATURE INFORMATION 

MEAN THAT NO WEAR CYCLES 

PERATURES THE TOTAL 
NUMBER OF CYCLES CAN BE 
DETERMINED FROM THE 
A B S C I W  

GIVEN ON FIGURE 2 SHEET 5 

5 

6 

0 REFERTOTHEACTUALTEM 

1 BLANUS I N  DATA CURVES 

WERE RUN A T  THOSE TEM 

*20 hr AT 116OOF. PRIOR TO 
4WOF OWELL FOR 64 hr 

6507 47174A 

Figure 5. Friction Matrix No. 9 - Friction Coefficients vs Wear Cycles 
(Sheet 1 of 3) 



11W 1160 
1 000 2 

800 1 
PLATE 650 I RIDER 

450 
450 

9.7 8w DSI . -  

TRIBALDY 800 ALUMINIZED 
IPC) 8316 INCONEL718 

A 8 
801 16011 271 14011 

, 
9-8 8w 1x8 

TRIBALOY 8W STELLITE 68 

1.u- 

0.5- _ _ - -  - 
n 

1 0 -  

1 4 "- I 

I 64 
DWELL TIME 

NOTES 

I MATERIALS IDENTIFIEDON AND FIGURE SOURCES 2 SHEE ARE 

2 SVMBOL GIVEN ON DESCRIPTIONS FIGURE 2 SHEET ARE 5 

3 DASHEDLINES X-X-X 

I SOLIDLINES- 

5 

REFER TO DVNAMIC FRICTION 

REFER TO STATIC FRICTION 
THE FIRST DATA POINT ID011 

THE BREAIAWAV FRICTION 
THE SECOND DOTS ARE THE 
AVERAGE VALUES FOR THE 
FIRST FIVE STATIC A N 0  
DVNAMIC CYCLES 

ABOVE THE DWELL SYMBOL IS 

6 

7 lNTERYEDlDTE W T S  IWHEN 
PLOTTED1 R I  PRESENT THE 
AVERAGE VALUE S 'IEASURED 
AT THE MlDlOlNT OF THE 
WEAR CVCLl A'7LICATIONS 

I THE FINAL 11oi IPRECEDING 
THE NEXT DWELL S V m D L I  
I S  THE AVEFtAGE STATIC AND 
DVNAMIC VALUESOVER THE 
LAST FIVE CVCLES 

9 DWELL TIMES SHOWN WERE 
SPENT AT THE SAME TEM 
PERATURE NOTED FOR 
SUBSEOUENT TEST CYCLES 

10 R E F f R T O l H f  ACTUAL 1 f M  
PERATURE SEOUENCI FOR 
EACHMATRIX FOR 0 f T A l L E D  
IEMPERATURE INFORMATIDN 

-m hr AT 11600~. PRIOR TO 
I W F  DWELL FOR 64 hr 

6507-471 75A 

Figure 5. Friction Matrix No. 9 - Friction ,Coefficients vs Wear Cycles 
(Sheet 2 of 3) 



I R I D E R  I P L A T E  

131 1800 
C 

C H R O M I Z E D  C H R O M I Z E D  
C A R B U R I Z E D  C A R B U R I Z E D  I T Y P E  304 ss I TYPE 304 ss 

131 120Il 
C 

1 R O R I D E D  I A L U M I N I Z E D  

9.15 300 PSl 
I 

A L U M I N I Z E D  A L U M I N I Z E D  
H A S T E L L O Y  C H A S T E L L O Y  C I 201 1281) I 351 15011 

I A  I 8  

800 PSl 
1 

T R I B A L O Y  7 0 0  T R I B A L O Y  7 0 0  
l W D l  8316 IWDl  8316 
27 f  ( 2 2 0  291 (2011 

800 PSl 

T R I B A L O Y  7 0 0  I N C O N E L  718 
I W D I  8316 
281 11811 131 13811 

T R I B A L O Y  7 0 0  A L U M I N I Z E D  1 lWCl~225~316 I I N C O N E L 7 1 8  
381 14011 
D 

I NO. OF TEST CYCLES 

'EMP 1 1 6 0  1wo ,-I 1100 
m l  1 --- 

L I 450 
650 J 

450 5M1 J 

0 

1 3 2  
- 0 '  

t 

0 5- 

- 0 ,  x 
> . 5 -  

- - -  
- 0 J  f 1 1 1 1 I I I I I I 

0 10 35 60 85 110 135 160 185 210 235 260 

NOTES 

1 MATERIALS AND SOURCES ARE 
IDENTIFIED ONFIGURE 2. WEE 

2 SYMBOL DESCRIPTIONSARE 
GIVEN ON FIGURE 2. SHEET 6 

3 DASHEOLINES X-X-X 
REFER TO DYNAMIC FRICTION 

I SOLID LINES .cW 

5 
REFER TO STATIC FRICTION 
THE FIRST DATA POINT IDOTI 
ABOVE THE DWELL SYMBOL I S  
THE BREAKAWAY FRICTION 
THE SECOND DOTS ARE THE 
AVERAGE VALUES FOR THE 
FIRST FIVE STATIC AND 
DYNAMIC CYCLES 

6 

1 INTERMEDIATE DOTSIWHEN 
PLOTTED1 REPRESENT 1HE 
AVERAGEVALUESMEASURED 
AT THE MIDPOINT OF THE 
WEAR CYCLE APPLICATIONS 

8 THE FINAL DOT IPRECEDING 
THE NEXT DWELL SYMBOL1 
I S  THE AVERAGE STATIC AND 
DYNAMIC VALUES OVER THE 
LAST FIVE CYCLES 

9 DWELL TIMESSHOWN WERE 
SPENT AT THE SAME TEM 
PERATURE NOTED FOR 
SUBSEOUENTTESTCYCLES 
REFER TO THE ACTUAL TEM 
PERATURE SEOUENCE FOR 
EACH MATRIX FOR DETAILED 
TEMPERATURE INFORMATION 

10 

11 BLANKSIN DATACURVES 
MEAN THAT NO WEAR CYCLES 
WERE RUN AT THOSE TEM- 
PERATURES THE TOTAL 
NUMBER OF CYCLES CAN BE 
DETERMINED FROM THE 
A&ISSA. 

hr AT 1 1 W F .  PRIOR TO 
45WF DWELL FOR 64 hr I 20 

D W E L L  TIME 

6507 47116A 

Figure 5. Friction Matrix No. 9 - Frict ion Coefficients vs W e a r  Cycles 
(Sheet 3 of 3 )  



I N C O N E L  718 T R I B A L O Y  700  (WD) 
COUPLE 17  6507-51318  

T R I B A L O Y  400 (WD)  I N C O N E L  718 
COUPLE 5  6507-51  31 6 

T R I B A L O Y  800 (PC) I N C O N E L  718 
6507-51  31  4 COUPLE 6  

6507-51399 

Figure 6. Friction Matrix No. 9 

30 



TABLE 6 
SUMMARY TABLE O F  FRICTION IN SODIUM 

MATRIX 9 
(HEDL Format )  
(Sheet 1 of 6 )  

Test  

Mate r i a l s  

P l a t e  Number P i n  

T r  ibaloy T r ibaloy 
9 -1  400 (WD) 400 ( W D I  

_ - _ _ _ _ ~  . -.____-. _-_ ~~ 

Fr ic t ion  R e s u l t s  
~~ 

T e s t  Conditions 

Rubbing 
Stroke E x p e r i -  

enccd Static Fr ic t ion  Dynamrc Fr ic t ion  
___ Comment s  - T e m p e r a -  Load /  Average Length  Number Dwel! B r e a k -  

ture P r e s s u r e  Velocity ( P i n  away 
(.F) (Ibl/(pai, (in, /secl diam. Strc;esl ( h r )  Fr,ctlon Average Maximum Average Average Maximum Average 

Ini t ia l  Obse rved  F ina l  lnitial Observed Fina l  
Distance 

(in. ) 
35117.5 20 0.16 0.15 0.20 0.19 0.21 0.25 0.25 P rev ious  experience tnc ludes  1015 a t  

Z6Oll30 64  0.31 0.29 0.34 0.33 0.43 0.46 0.46 
450'F Drior  t o  cold t rapping.  
Rubbing expe r i ence  includes prlor  35117.5 

450 z:' 0.07 d / Z  , 

----+--I-- 
l l  

I I I 1 1 1 6 0 1  

J- 
. .. I 

210/105 20 0.73 0.38 0.43 0.38 0.43 0.43 0.43 Rubbing expe r i ence  includes 185'92.5 at 
lower t e m p e r a t u r e  levels .  
Rubbing experience includes IH5.9L.5 a t  

lower t e m p e r a t u r e  l e v e l s  plus 25 '12.5 
at  pr to r  1160°F.  

2351117.5 64  1.01 0.43 0.4H 0 - ___ . - ___ 

.~ ___ 
O.L2 0.29 0.29 

260/130 64 1.01 -- 0.28 1 0.31  0,29 O& 0.38 2 . 3 8  

2 3 m L 7 . 5 .  64  0.68 ' -OLG? ! 0.50 10.28 0.28 0.31 0.31 u - 
35/l i .5  20 0.14 0.13 0.14 0.14 0.20 0.23 0.23 

'2601130 64 0.94 0.43 0.47 0.47 0.50 0.55 0.53 
.~ - -1 Tr iba loy  Tr iba loy  

. 9 - 3  700 (PCI 700 (PCI 
B 3 1 6  8 3 1 6  ::: 1 110155 20 0.36 0.28 0.32 10.32 0 .33  0.35 0.35 Same a s  9-1 

210/105 lo -1.07 '- 0.39 ' -  0.51 0.51 0.51 0.G 0.55 

235/117.5 64 0.97 0.41 0.44 0.44 0.45 0.52 0.51 

___ _- ' 1- .___-  . 

I160 
- -  



w 
N 

TABLE 6 
S U M U R Y  TABLE O F  FRICTION IN SODIUM 

MATRIX 9 
(HEDL Format) 
(Sheet 2 of 6)  

comments 

s a m e  a s  9 - 1  

S a m e  as 9 - 1  

Same as 9-1  
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TABLE 6 
SUMMARY TABLE OF FRICTION IN SODIUM 

MATRIX 9 
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(Sheet 3 of 6) 
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Teat Test Conditions 
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TABLE 6 

SUMMARY TABLE O F  FRICTION IN SODIUM 
MATRIX 9 

(HEDL Format) 
(Sheet 4 of 6)  

~ ~ ____ .__-. _______- 

Dynamic  Friction 
Comments 

- 

- 

Teat _ _ _ _ _ _ _ _ ~  
Materials  

Number Pin 

C h r o m l r e d .  A l u m i n -  
C a r b u r -  ired  In-  
, red  304ss 7 1 H  9 - 1 0  150 SH.91100 0 .07  d l 2  

I600 

-_ _. 

___ 

35117.5 16 0.23 0.20 0.20 0.18 0.35 0 .35  0.34 

_ _  .- - ._- ._ - - -, __  Z e L J i O  hi 20 -~ 0.L9 0.41 0.38 0.55 0.57 0.57 

no0 

-_- ___- __  
l O / l O 5 '  1 6 - y . 5 8  . 0.25-f - ~ ~ ~ - - ~ 2 7 - 0 ~  0.33 0.33 

Alurnin- 
9-1  I Stellite 6 B  i r e d  In- 

conel 7 1 8  

1600 

__ .. - - - _- .. 
Horided I3orided 

9 - 1 2  A-286 450 5X.9/300 A-286 
.- 

MOO 

__- 
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SUMMARY TABLE O F  FRICTION IN SODIUM 

MATRIX 9 
(HEDL Format )  
(Sheet 5 of 6 )  

. . - . .. 

comments 

S a m e  as 9 - 1  
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TABLE 6 
SUMMARY TABLE O F  FRICTION IN SODIUM 

MATRIX 9 
(HEDL Format) 
(Sheet 6 of 6) 

-___ 
Test  Tes t  Conditions 

I 1 I I I Rubbing I 
rake 

Tfnth 
Lam - 
t er )  

Experl-  
enced 

Number Dwell 

Strokes1 
Distance 

of (hr) 

Friction Results 

Static Friction B r e a k -  Comments 

1.12 1 0.34 I 0.38 1 0.38 0.41 1 0.47 1 0.47 1 )  
0.23 0.29 0.3H 0.38 0.32 I 0.45 1 0.45 1 )  

Sanie as 9-1 

__ _ _  ___ __  

- ~- 
Same a s  9-1 

. . . - - _.-__ 
0.53 0.39 0.57 0.57 0.47 0.62 0.62 

0.35 0.3H 0.43 0.45 0.38 0.45 0.45 

0.35 0.39 0.39 

0.86 0.39 2.52-  52.- 0.43 0.51 0.51 

0.19 0.20  0.25 0.25 0.28 0.33 0.33 

0.48 0.35 0.39 0.46 0.46 

0.27 0.28 , 0.30 0.29 0.35 0.35 0.35 

-. 

-~ ._ . 

I ~ ~ ~- ~ 

0 3  0.40 -. 

0.70 0.24 F'- 0.28 0.30 -. 0.32 0.32 

1.17 0.34 0.37 0.36 0.41 0.41 

i 
__ -. - . - 



Inconel 71 8 experienced severe wear when matched against Tribaloy 700 

(Couple 17). 
(Couple 5 )  or  Tribaloy 800 (Couple 6) .  

Moderate wear occurred when tested against Tribaloy 400 

Aluminized Inconel 7 18 showed much better wear character is t ics  than 
the base metal. When tested against Stellite 6B (Couple 11) and Tribaloy 700 
(Couple 18), wear was light to  moderate. Little or  no wear was evident when 

aluminized Inconel 71 8 was against Chromized-Carburized Type 304 stainless 
s teel  (Couple l o ) ,  Borided A-286 (Couple 14), Tribaloy 800 (Couple 7) ,  o r  
Tribaloy 400 (Couple 9). 

Aluminized Hastelloy C vs itself (Couple 15), and Borided A-286 vs 
itself (Couple 12)  showed little o r  no surface wear. 
Type 304 stainless steel  vs itself (Couple 13) had light to  moderate wear. 

Chromized-Carburized 

Except for  moderate breakaway values, most of the mater ia l  combinations 
demonstrated low to moderate static and dynamic friction coefficients over the 

entire temperature range. 
(static and dynamic) ranged f rom -0.2 to -0.6. 
where couples exceeded 0.6, anywhere in the temperature sequence. Five 
couples (1, 2, 8, 14, and 18) never exceeded 0.5. There was no obvious 

correlation that could be made between the friction t races  and the observed 
surface wear on the specimens. Observations of wear were based on visual 
inspection and evaluation. No  metallurgical examinations were  made of the 
coating condition o r  depth, or  of the type and extent of wear .  

Generally, the corrected friction coefficients 
There were very few instances 

As noted in Table 4, five of the tes t  couples in the ninth matrix (10, 12, 

13, 14, 15) were repeats f r o m  the eighth matrix,  but in the ninth matrix these 
tes t  couples were at contact loads of 300 psi. During the pr ior  Matrix 8 t e s t -  
ing at 800 psi, none had sustained significant surface wear. F o r  comparative 
purposes, data f rom these five a r e  presented in Figure 7. 
f rom Matrix 7, Couple 11, (Tribaloy 400 vs itself) a r e  included on the figure, 
for  comparison with Couple 1 of Matrix 9. 
curves shows, in general, very good agreement. When significant differences 
do occur, the friction values f o r  the ninth matr ix  a r e  lower than those f rom 
previous matr ices  (Couple 13 lower at high temperature,  Couple 15 lower at 
low temperatures ,  and Couple 14 lower throughout). 

In addition, data 

A study of the corresponding 

A possible reason fo r  

@ 
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f rom Matrices 7 and 8 



these differences may be the surface preparations prior to  test. 

specimens noted on Figure 7 were initially tested, each was placed in the 
tes t  rig with the tes t  surfaces in the l 'as-received' '  conditions. 

retesting in the ninth matrix, each was lapped o r  polished to  remove surface 
blemishes and to  break the edges, s o  the surface condition in Matrix 9 may 
have been more conducive to  lower friction forces.  

When those 

P r io r  to  

C. FRICTION MATRIX 9A 

Friction Matrix 9A was a special matrix introduced into the program by 

joint AI and HEDL agreement to (1) generate sufficient information to establish 
a correction factor for  Matrix 9 data (see preceding section), and (2)  provide 
the first bit of friction tes t  statist ical  information in the program. 

ingly, HEDL specified the 9A matrix composition, as noted in Table 7,  
of the couples (1, 2, 3, 5,  6,  7,  8, 9, 10, 13, 17, and 18) were t akenf rom 

the ninth matrix. Two couples were made up of Matrix 6 and 7 specimens. 
The remainder were new and/or previously untested parts. All previously 
tested parts were used "as is" when surface wear was minimal, o r  were 
polished o r  refaced a s  necessary when pronounced surface irregularit ies were 

evident. 

Accord- 

Twelve 

Testing of Matrix 9A followed the same temperature sequence, Figure 4, 
which was used for  Matrix 9. 
1974 and was performed without deviation f rom the noted operational pro- 
cedures. 
for oxygen content per ANL/ST-6, showed that the oxygen level remained 
below the 5 -ppm maximum allowable content. 

The tes t  sequence was concluded on April 12, 

Sodium samples, taken periodically during the tes t  and analyzed 

Friction coefficients (breakaway, static, and dynamic) obtained f rom the 
twelve common 9 and 9A couples were averaged at each temperature level as  
a group for  each matrix. 
a r e  shown in Table 8, with the resulting matrix-to-matrix ratios. 

These averaged values for  the eleven temperatures 

When the eleven 9/9A ratios were averaged, a value of 2.42 was obtained. 
This agrees  extremely well (within 5.570) with the 2.56 s tep change noted in the 
pre-  to  post-calibration values. 

evident at  any of the temperature levels, it became apparent that the Matrix 9A 
Since no pronounced inconsistencies were 

8 
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TABLE 7 

FRICTION MATRIX NO. 9A 

Couple 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Rider 

Tribaloy 
400 (WD) 
T ribaloy 
800(PC) 
T r iba loy 
700 (PC) 

Hayne s 
90(WD) 
T ribaloy 
400(WD) 

T r iba loy 
800(PC) 

T r iba 1 oy 
800(PC) 
T r iba 1 oy 
800 (PC) 

T ribaloy 
700(WD) 
Tribaloy 
700(WD) 

CI-D 

B orided 
istelloy C 
T r iba lo y 
700(WD) 

Cr23C6 
(ion coat) 
T i c  
(ion coat) 

T i c  TiN 
(ion coat) 

Tribaloy 
700 (PC) 

luminiz ec 
istelloy C 

Plate 

T r iba lo y 
400(WD) 

T r ibaloy 
800 (PC) 
T ribaloy 
700 (PC) 

Aluminiz e d 
I 7 1 8  

Inc one 1 
718 

Inconel 
718 

Aluminized 
I 7 1 8  
St ellit e 

6B 
Inc one 1 

718 
T ribaloy 
400 ( WD) 

Aluminized 

Borided 
Hastelloy C 

T r ibal oy 
700(WD) 

CrZ3C6 
(ion coat) 
T i c  
(ion coat) 

T i c  TiN 
(ion coat) 

T r iba loy 
700 (PC) 

Aluminized 
Hastelloy C 

718 

- - 
Load 

800 
(psi) - 
800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

300 

300 

300 

300 

300 

Rework 

No  

No 

No 

No 

Reface 
Plate 

Reface 
Plate 

No 

No 

Reface 
Plat e 

No 

No 

No 

No 

No 

No 

No 

Polish 
Rider 

No 

(WD) Weld Deposited on Type 316 Stainless Steel 
(PC) Plasma Coated on Type 316 Stainless Steel 

Previous Matrix 
Rider 

9-1 

9-2 

9-3 

6-17 

9-5 

9-6 

9-7 

9-8 

9-17 

9-18 

7 -6 

- 

9-16 

- 

- 

- 

9 -4 

9-15 

Plate 
9- 1 

9-2 

9-3 

6-13 

9-5 

9-6 

9-7 

9-8 

9-17 

9-9 

6-8 

- 

9-16 

- 

- 

- 

9 -4 

9-15 
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TABLE 8 
MATRIX 9/MATRJX 9A FRICTION COEFFICIENT RATIOS 

Temper - 
ature  
(OF) 

450 

450 
500 
650 
800 

1000 
1100 
1100 

1160 
1160 
450 

Friction Coefficient 
Averages 

Matrix 9 

0.96 
0.61 
0.70 

0.76 q 
0.87 
1 .oo 
1.17 
1.05 

1.01 
1.21 
1.30 

~~ 

Matrix 9A 

0.36 
0.27 
0.29 
0.32 

0.35 
0.38 

0.39 
0.51 

0.56 
0.59 
0.46 

Ratios 

Matrix 9/ 
Matrix 9A 

2.70 
2.26 
2.41 

2.38 
2.50 
2.63 
3 .OO 

2.06 
1.80 
2.05 
2.83 

Averages 1 I 2.42 

data were  affected by a s tep change in the instrumentation sensitivity after the 
pretest  calibration, but before s ta r t  of the actual tes t  program. It was on the 

basis  of this information that all of the original Matrix 9 data were changed by 
the 2.56 correction factor to  the values reported in the previous section. 

Test  data from Matrix 9A a r e  tabulated in Table 9. 
coefficients vs temperature levels appear in Figure 8. 
of the most severely worn couples a r e  shown in Figure 9. 
presented in the summary table format  (specified by HEDL) in Table 10. 

Plots of the friction 

Photographs taken 
Test  data a r e  also 

The Tribaloy mater ia ls  demonstrated excellent wear characterist ics.  

eral ly  the only evidence of any surface deformation was that which might be 
described as a surface "polishing, ' I  wherein high spots were smoothed out. 
No metallurgical examinations were made of the coating condition o r  depth, o r  

of the type and extent of wear. 
in Matrix 9 were repeated in Matrix 9A (see Table 7), and all  were re run  

Gen- 

All  of the Tribaloy specimens which appeared 
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rribaloy 400 (WD) 

9-1 5 
rribalay 800 (PC) 

9 - 2  

rribaloy 700 (PC) 

9- 3 

3aynes 90 (WD) 

6-17 

I'ribaloy400(WD) 

9- 5 

rribaloyMOO(PC1 

9-6 

Tribaloy MOO (PC) 

9-7 

Tribaloy 800 (WD) 

9-8 

Tribaloy 700 IWD) 

9-18 

Tribaloy 700 (WD) 

9-18 

CI-D 

Tribaloy 400 (WD) 

9-19 

Tribsloy 800 (PC) 

9-2 

Tribaloy 700 IPCI 

9- 3 

Aluminized 
Inconel 718 

6-13 

Inconel 718 

9-5 

Inconel 718 

9-6 

IAluminired 
Inconel 718 

9-7 

Stellite 6 B  

9-8 

Inconel 718 

9-17 

Tribaloy 400 (WD) 

9-9 

Aluminized 
Inconel 718 

TABLE 9 
DATA S U M U R Y  - FRICTION TEST 9A 

(Sheet 1 of 2) 

Friction Coefficient 
- 
Couple 

I l 6 0 ' F  
Q 

450'F 
A 

50'Ff 450°F 
A 

500'F 
A 

650-F  
A 

IIOD'F 
A 

1 I6O'F 
A 

1000'F 

A 
111-135 
Cycles 

0.43 
0.30 
0.35 

0.44 
0.26 
0.31 

0.54 
0.4 I 
0.41 

0.42 
0.22 
0.25 

0.57 
0.38 
0.44 

0.40 
0.33 
0.38 

0.56 
0.39 
0.40 

0.46 
0.29 
0.32 

0.66 
0.32 
0.37 

0.65 
0.41 
0.44 

0.35 
0.13 
0.18 

0.69 
0.19 
0.23 

1100'F 

A 
136-160 
Cycles 

0.55 
0.39 
0.45 

0.66 
0.32 
0.34 

0.75 
0.43 
0.43 

0.57 
0.17 
0.22 

0.59 
0.35 
0.38 

0.60 
0.33 
0.40 

0.82 
0.33 
0.39 

0.48 
0.16 
0. I7  

0.72 
0.32 
0.39 

0.64 
0.42 
0.47 

0.35 
0.10 
0.15 

0.73 
0. I 8  
0.26 

MOO'F 
A 

86-110 
Cycles 

0.32 
0.33 
0.35 

0.21 
0.24 
0.3 I 

0.30 
0.42 
0.43 

0.34 
0.24 
0.29 

0.27 
0.38 
0.47 

0.30 
0.27 
0.30 

0.37 
0.39 
0.38 

0.38 
0.33 
0.33 

0.43 
0.31 
0.39 

0.38 
0.34 
0.38 

0 . 2 3  
0.35 
0.36 

0.32 
0.27 
0.29 

Rider Plate 

186-21 0 
Cvcles 

211-235  
Cycles 

235 -260 
Cycles 

11-35 
Cycles  

36-60 
Cycles 

61 -85 
Cycles 

161 - I85 
Cycles 

0.72 
0.37 
0.43 

0.82 
0.24 
0.30 

1.03 
0.58 
0.58 

0.63 
0.23 
0.31 

0.77 
0.45 
0.55 

0.77 
0.45 
0.57 

1.16 
0.48 
0.59 

0.57 
0.19 
0.22 

1.16 
0.53 
0.65 

1.10 
0.56 
0.68 

0.43 
0.15 
0.26 

0.80 
0.28 
0.37 

0.84 
0.47 
0.64 

0.75 
0.44 
0.52 

0.93 
0.53 
0.55 

0.62 
0.26 
0.30 

0.97 
0.53 
0.66 

0.79 
0.48 
0.61 

1.20 
0.51 
0.60 

0.62 
0.19 
0.26 

1.26 
0.6 I 
0.55 

1.05 
0.72 
0.73 

0.43 
0.20 
0.24 

0.74 
0.27 
0.35 

1.07 
0.52 
0.59 

1.05 
0.50 
0.54 

1.18 
0.52 
0.58 

0.65 
0.24 
0 . 3 1  

1.16 
0.54 
0.66 

0.85 
0.48 
0.6 I 

1.48 
0.34 
0.53 

0.67 
0.24 
0.25 

1.65 
0.65 
0.68 

1.35 
0.65 
0.75 

0.54 
0.17 
0.25 

0.98 
0.43 
0.53 

0.31 
0.26 
0.35 

0.90 
0.52 
0.62 

0.95 
0.54 
0.57 

0.65 
0.33 
0.41 

0.53 
0.51 
0.53 

0.77 
0.48 
0.54 

0.65 
0.30 
0.37 

0.60 
0.29 
0.30 

0.45 
0.50 
0.54 

0.41 
0.42 
0.43 

0.36 
0.43 
0.44 

1.05 
0.45 
0.47 

I 

2 

3 

4 

P 
n, 5 

6 

7 

8 

9 

10 

I I  

I 2  

800 

800 

800 

800 

MOO 

800 

MOO 

MOO 

MOO 

MOO 

800 

800 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
s 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

0.20 
0.12 
0.2 I 

0.40 
0.29 
0.43 

0.35 
0.34 
0.35 

0.20 
0.20 
0.24 

0.66 
0.73 
1.02 

0.35 
0.26 
0.48 

0.38 
0.41 
0.43 

0.2Y 
0.37 
0.42 

0.22 
0.22 
0.38 

0.18 
0.20 
0.30 

0.75 
0.52 
0.58 

0.50 
0.46 
0.53 

0.25 
0.13 
0.24 

0.33 
0.32 
0.32 

0.37 
0.35 
0.36 

0.16 
0.31 
0.40 

0.30 
0.40 
0.42 

0.23 
0.20 
0.27 

0.25 
0.39 
0.38 

0.30 
0. I7  
0.20 

0.23 
0.23 
0.24 

0.21 
0.22 
0.24 

0.16 
0.07 
0.14 

0.33 
0.23 
0.26 

0.27 
0.18 
0.26 

0.33 
0.25 
0.29 

0.45 
0.34 
0.36 

0.28 
0.43 
0.44 

0.40 
0.30 
0.41 

0.20 
0.23 
0.24 

0.43 
0.39 
0.37 

0.25 
0.16 
0.20 

0.32 
0.28 
0.31 

0.30 
0.26 
0.27 

0.12 
0.12 
0.18 

0.37 
0.22 
0.25 

0.28 
0.21 
0.34 

0.28 
0.18 
0.26 

0.36 
0.27 
0.33 

0.40 
0.34 
0.37 

0.40 
0.43 
0.44 

0.26 
0.27 
0.31 

0.46 
0.38 
0.39 

0.36 
0.28 
0.29 

0.38 
0.33 
0.37 

0.34 
0.33 
0.34 

0.16 
0.22 
0.25 

0.38 
0.27 
0.28 



Tribaloy 700 ( W D )  

9-16 

Cr23C6 
[Ion Coat )  - 
T i c  (Ion Coat )  

- 
T i c  - TiN 
[Ion Coat )  - 
Triba loy  700 IPC) 

9-4 

Aluminized 
Hastelloy C 

9-15 

Tribaloy 700 ( W D )  

9-16 

Cr23C6 
llon Coat) 

T i c  (Ion Coat )  

- 

- 
Tic-TiN 
[Ion Coat )  

- 

Tribaloy 700 (PC) 

9-4 

Aluminized 
Hastclloy C 

9-15 

0.48 1 0.60 
0.28 0.25 
0.53 0.44 

0.47 0.26 
0.26 0.21 
0.32 0.32 

0.55 
0.41 
0.73 

0.52 
0.36 
0.55 

TABLE 9 
DATA SUMMARY - FRICTION TEST 9A 

(Sheet 2 of 2) 

1 Fr ic t ion  Coefficient 
-~ 
650'F 

A 
1000'F I I I O Y  1 IIOO'F 

A A I Rider  

150'Ft 450'F 

A 
5OO'F 

A 
1160°F 

A 
211-235 
Cycles  

1.48 
0.48 
0.48 

0.90 
0.17 
0.37 

0.88  
0.59 
0.64 

0.95 
0.44 
0.67 

1.80 
0.36 
0.39 

1.32 
0.39 
0.58 

1160'F 

A 
186-21 0 
Cycles  

450 'F 

A 
235-260 
Cycles  

0.32 
0.36 
0.38 

0.53 
0.31 
0.46 

0.98 
0. I9  
0.35 

1.00 
0.21 
0.36 

1.52 
0.32 
0.42 

1.33 
0.28 
0.43 

800°F 

A contac t  
're.SU=* 

(ps i )  

-- 
800 

300 

300 

300 

300 

3 00 

c 0upL 

1-10 
3ycles  

0. I5 
0.13 
0.19 

0.25 
0.28 
0.36 

0.40 
0.77 
0.96 

0.65 
0.85 
0.98 

0.33 
0.35 
0.45 

0.16 
0.09 
0. I8  

I 1-35 
Cycles  

0.14 
0.06 
0.11 

0.27 
0.25 
0.39 

0.32 
0.33 
0.52 

0.37 
0.43 
0.52 

0.25 
0.24 
0.32 

0.16 
0.17 
0.21 

-- 
36-60 
C y c l e s  

0. I 2  
0.07 
0. I 3  

0.50 
0.32 
0.40 

0.40 
0.36 
0.49 

0.50 
0.46 
0.52 

0.25 

0.30 

0.25 
0.25 
0.32 

o . i n  

86-110 
C y c l e s  

0.33 
0.38 
0.39 

0.45 
0.32 
0.35 

0.37 
0.39 
0.51 

0.40 
0.36 
0.44 

0.27 
0.20 
0.29 

0.41 
0.27 
0.37 

.. 

161-185 
C y c l e s  

0.90 
0.4 I 
0.49 

0.88 
0.36 
0.55 

61 -85 
Cycles  

o. in  
0.26 
0.28 

0.60 
0.36 
0.43 

0.46 
0.43 
0.49 

0.55 
0.41 
0.50 

0.30 
0.21 
0.30 

0.39 
0.30 
0.37 

136-160 
Cycles  

0.55 
0.29 
0.31 

1 1 1 - 1 3 5  
Cycles  

0.56 
0.34 
0.37 

I 3  

14 

I5 

I6  

17 

I 8  

B 
5 
D 

13 
s 
D 

B 
s 
D 

B 
S 
D 

B 
S 
D 

B 
s 
D 

1.00 
0.40 
0.49 

0.71 
0.46 
0.67 

0.81 
0.68 
1.00 

0.72 
0.71 
0.90 

1.02 
0.30 
0.45 

1.30 
0.51 
0.55 

0.57 0.77 
0.18 0.16 
0.33 0.32 rp 

w 

0.57 

0.33 
0.28 

0.75 0.90 
0.24 1 0.36 
0.32 0.41 

0.58 0.80 0.90 
0.27 I K;; I 0.42 
0.31 0.57 

A Measuremen t s  made  after overnight dwell (16-hr  min imum)  
A Measuremen t s  made  a f t e r  3-day dwell (min imum)  

"Average observed dur ing  Cycles  I to  5 and 19 t o  25 
t P r i o r  t o  cold t rapping  
$ P r e v i o u s  test u s a g e  of coupon: (9-1) = Matr ix  9, Couple I 



NOTES 

I 

TRIBALOY TRIBALOY 
700 IKI 700 (PCI 
A-8 A-0 

I I n l  
1 ' O 1  9A-4 800 PSI 

1. 

2. 

3. 

1. 

6. 

0. 

7. 

8. 

MATERIALS AN~SOURCES ARE 
IDENTIFIED ON FIGURE 2 
I W E E T  11. 
SYMBOL DESCRIPTIONS ARE 
GIVEN ON FIGURE 2 I W E E T  51 
DASHED LINES X-X-X 
REFER TO DVNAMIC FRICTION. 
SOLIDLINES 
REFER TOSTATICFRICTIOW. 
THE FIRST DATA POINT IDOTl 
A8OVE THE DWELL SYYBOL IS 
THE BREAKAWAY FRICTION. 

AVERAGE VALUES FOR THE 
FIRST FIVE STATIC AND 
DYNAMIC CYCLES 

THE SEOJND DOTS ARE THE 

INTERMEDIATE nois IWEN 
PLOTTED1 REPRESENT THE 
AVERAGE VALUES MEASURED 
AT THE MIDPOINT OF THE 
WEARCYCLE APPLICATIWS 
THE FINAL DOT IPRECEDING 
THE NEXT DWELL SYYBOLI 
IS THE AVERAGE STATIC AND 
DYNAMIC VALUES OVER THE 
LAST FIVE CYCLES 

400 lWDl 718 
Ec C 

I I o J  
9 A b  8oOPSl  I 1 0  1 

10. REFER TO THE ACTUAL T E N  

11. 

SPENT AT THE SAME T E N  
PERATURE NOTED FOR 
SUBSEOUENT TEST CVCI F' 

PERATURE Y W E N C E  FOR 
EACH MATRIX FOR DETAILED 
T E W R A T U R E  INFORMATION. 
BLANKS I N  DATA CURVES 
MEAN THAT NO WEAR CYCLES 
WERE RUN AT THOSE T E N  
PERATURES THE TOTAL 
NUYBER OF CYCLES CAN BE 
DETERMINED FRDM THE 
ABSCISCI. 

'20 hr AT 1 l W F  PRIOR TO 
U hr DWELL AT W F  

TRIBALOY INCONEL 0 
Boo lPCl 718 
E C I 

-I 
210 235 260 

NO. OF TEST CYCLES 

DWELL TIME 
i 5607-471 7 I 

Figure 8. Friction Matrix 9A - Friction Coefficients vs Wear Cycles 
(Sheet 1 of 3) 
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PLATE 800 
650 I RIDER 

5 0 0 1  1.48 450 
t 

9 A  7 800 PSI 
1.0 , 

TRIBALOV ALUMINIZED 

8 8 
800 'PC) INCONEL718 0.5 1 

I I , I  
9A.8 800 PSI 1 

NOTES. 

MATERIALS AND SOURCES ARI 
IOENTIFIEO ON FIGURE 2 

ISMEET 41. 
SVMSOL DEXRIPTIONSARE 
GIVEN ON FIGURE 2 ISMEET 51 
DISHED LINES X-X-X 
REFER TODVNAMIC FRICTION 
SOLIDLINES - 
REFER TO STATIC FRICTION. 

5 THE FIRSTDATAPOINT IDOTl 
ABOVE THE DWELL SVUBOL I S  
THE BREAKAWAV FRICTION 

AVERAGE FIRST FIVE VALUES STATIC FOR AN0 THE 

DYNAMIC CVCLES 
7 INTERMEOIATE DOTS I W E N  

PLOTTED1 REPRESENT THE 
AVERAGE VALUESYEASURED 
AT THE YlWQlNT OF THE 
WEAR CYCLE APPLICATIONS 

THE NEXT DWELL SVLeOLl  
IS THE AVERAGE STATIC AND 
OVNbMIC VALUES OVER THE 
LAST FIVE CVCLES 

SPENT AT THE SAME T E Y  
PCRATURE NOTED FOR 
WBSEOUENT TrST CVCLES 
REFER TO THE ACTUAL T E Y  
PERATURE SEOUENCE FOR 
EACH MATRIX FOR DETAILED 
TEMPERATURE INFORMATION 

MEAN THAT NO WEAR CVCLES 
WERE RUN AT THOSE 1 E Y  
PERATURES THE TOTAL 
NUYBER OF CVCLES CAN BE 
OETERWNED FROM THE 
ABSCISSA 

s ins SECOWDDOTS ARE THE 

TRIBALOV INCONEL 0 5  

8 THE FINAL DOT imEcmf f i  

TRIBALOV TRIBALOV 0 5  e W E L L  TlMESWOwN WERE 
700  IWDI 400 IWDI 

10 

11 BLANKS IN DATA CURVES CI D ALUMINIZED 
316SS INCONEL718 O 5  

I 

'20 hr AT 1 l W F  PRIOR TO 
3ORIDED BORIDE0 

64 hr DWELL AT . U P F  

1 1 I 
NO OF TEST CVCLES 0 10 35 60 85 110 135 160 185 210 235 260 

0 

DWELL TIME 

6507747179 

Figure 8. Friction Matrix 9A - Friction Coefficients vs Wear Cycles 
(Sheet 2 of 3) 



RIDER 

9 A  13 

TRIBALOY 
700 IWDI 

PCB 

9 A  14 

cr23% 
IlON COATI 
316 SS 

D 
9A  15 

TIC 
[ION COATI 
316 SS 

)-E 
9A  16 

TIC TIN 
[ION COATI 
316 SS 

D 
9A 17 

TRIBALOY 
700 lPCl 

3-c 
9 A  18 

ALUMINIZED 

3 
HASTELLOYC 

NO OF TEST 

6507-4718OA 

PLATE 

NOTES 

1 MATERIALSAND SOURCES ARI 
IDENTIFIED ON FIGURE 2 

(SHEET 41 

GIVEN ON FIGURE 2 ISHEET 51 

REFER TO DVNAMIC FRICTION 

REFER TO STATIC FRICTION 

THE FIRST DATA POINT IDOTI 

THE EREAKAWAV FRICTION 
4 6 THE SEWNO DOTS ARE THE 
4 AVERAGE VALUES FOR THE 

enow' 
10. 

TRIBALOY 0 5 -  
700 IWDI  

2 SYMBOL DESCRIVT~NSARE 

3 DASHED LINES X-X-X 

" 4 SOLIDLINES +H * 
A-B 

5 
10, 

'I23'6 0 5 -  
[ION COAT) 
316 SS 

300 PSI 

ABOVE THE W E L L  SYMBOL IS 

--- 
n FIRST FIVE STATIC AND 

300 PSI ~ DVNAMIC CYCLES. 
7 INTERMEDIATE DOTS IWHEN 

PLOTTED1 REPRESENT THE 
AVERAGEVALUESMEASURED 
AT THE MIDPOINT OF THE 
WEAR CVCLE APPLICATIONS 

8 THE FINAL DOT IPRECEDING 

TIC 
(ION COAT) 
316 SS &----u 

D 4 -0 THE NEXT DWELL SYYBOL) 
IS THE AVERAGE STATIC A N 0  
DYNAMICVALUESOVER THE 
LAST FIVE CYCLES 

S W E L L  TIMESSHOWN WERE 
SPENT AT THE SAME T E Y  
PERATURE NOTED FOR 
WBSEDVENT TEST CYCLES 

PERATURE SEOUENCE FOR 
EACH MATRIX FOR DETAILED 
TEWERATURE INFORMATION 

MEAN THAT NO WEAR CICLES 

300 prn 

TIC TIN 
[ION COATI 
316 SS 

05 '  

D 10 R E F E R T O T H E A C T U A L T E Y  

11 BLANKS I N  DATA CURVES 

300 PSL 

TRIBALOY 0 5  
700 IPC) :g;iygJ&y;&yr 

NUMBER OF CYCLESCAN BE 
DETERMINED FROM THE 
ABSCISSA 

A-0 

'20 hr AT 1 1 W F  PRIOR TO 

300 pw 10, 

64 hr DWELL AT 4 W F  
ALUMINIZED 0 5 -  
HASTELLOYC 

C 

CYCLES 

R 

0 10 35 60 85 110 135 160 185 210 235 260 

Figure 8. Friction Matrix 9A - Friction Coefficients vs Wear Cycles 
(Sheet 3 of 3)  



TRIBALOY 400 (WD) 
COUPLE 5 

INCONEL 718 
6507-51354 

TRIBALOY 800 (pc) 
COUPLE 6 

INCONEL 718 
6507-51 350 

INCONEL 718 
TRIBALOY 700 (WD) 6507-5 1364 COUPLE 9 

6507-51400 

Figure 9. Friction Matrix No. 9A Test  Couples 
(Sheet 1 of 2 )  
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Cr23Cg (ION) 
COUPLE 14 6507-51 359 

TIC (ION) 
COUPLE 15 

Tic (ION) 
6507-51 357 

TiC/TiN (ION) TiC/TiN (ION) 
COUPLE 16 6507-51353 

6507-51401 

Figure 9. Friction Matrix No. 9A Test Couples 
(Sheet 2 of 2 )  
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157. I /no0 

__ 

TABLE 10 

(in. ) 

35/17.5 2 0  0.25 0.13 0.20 0.13 0.23 0.25 0.25 experience lo" at  450vF p r i o r  to  co ld  t rapping.  
Rubbing expe r i ence  inc ludes  p r i o r  35/17.5 

260/130 64' 0.31 0.23 0.28 0 .28  0.33 0.37 0.37 a t  45O'Fplus 200/lOO a t  h ighe r  t e m p  levels 

SUMMARY TABLE O F  FRICTION I N  SODIUM 
MATRIX 9A 

(HEDL Format)  
(Sheet 1 of 6)  

__ 
~ ~ 0 ~ ~ ~ ~ 1 0 / 1 0 5 ~  20 -~ -----:3/z 157. I I nool 

237 /117 .  64  
~ 5 / 1 7 + ~ - < : ~  

260/130 1641- 

.. - - - 
0.84 0.44 0.67 0.50 0.63 0.64 0.64 Rubbing e x p e r i e r c c  inc ludes  185/92.5 a t  

1.07 0.52 0.65 0.57 0.57 0.60 0.60 Rubbing experience evels t 2 5 / 1 2 . 5 a t p r i o r  185'92'5 1160'F a t  
lower t e m p e r a t u r e  levels 

0.z 0.34 0.32 0 .33  0.36 0.30 .%m%!l 

0.90 0.48 0.57 1 0.57 j 0.60 0.64 , 0.64 S a m e  a s  9 ~ - I  

M a t e r i a l s  

Number 

Tribaloy 'Tr ibaloy 
9A-I  1400 r 0 0  I 4 5 0  

W D  B 316 W D  B 316 

I 800 

9A-2 / I r i b a l o y  800 /;;;baluy ' 4 5 0  
P C  B 316 P C  B 316 1 

I , _- 
I I 

I I I no0 

Tr iba loy  Tr iba loy  
9A-3  1700 1700 1 450 

PC B 316 P C  B 316 

I I I Rubbing I I I I I 
Stroke E x p e r i -  

Load/ Average Length enced 
Comment s  

Rubbing expe r i ence  includes 85 /42 .5  at 
157.1/800/ 0.07 1 d / 2  ~ 1 1 0 / 5 5  20 I 0.32 0.33 1 0.33 1 0.33 I 0.34 1 0.35 I 0.35 I lower t e m p e r a t u r e  levels 

I 57. I I no01 I , 0.07 1 d / 2  1110/55 i 20 o . L 1  I 0.20 1 0.2x 1 0.2n I 0.28 I 0.34  I 0.34 !same a s  9A-I  i I 

157'1i800! 0.07 ~ d / 2  1110/55 ~ 20 i 0 . 3 0  ~ 0.19 I 0.15 i 0.45 1 0.40 1 0.15 1 0 .45  ISamcar 9 A - 1  

'-0.58 0.49 0.60 0.60 ' S a m e a s  9A- I  

0.55 0.52 0.63 0.63 S a m  a s  9 A - I  
- 
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TABLE 10 
SUMMARY TABLE O F  FRICTION IN SODIUM 

MATRIX 9A 
(HEDL Format)  

(Sheet 2 of 6)  

Friction Results 

I 
Test  Test  Conditions 

I I I I 
Materials I I I 

I I I I I 1 1 1 

Comments 

I (1% ) 
35/17.5 20 0.16 0.25 0.38 0.38 0.36 0.43 0.43 

I nired 718 26Oll30 64 0.65 0.32 0.34 0.34 0.41 0.41 0.40 
Haynes 90\ Same as 9A-I  
WD B316 

450 157.11800 0.07 d /2  . 

Same a s  9A-1 800 157.l/800 0.07 d /2  110/55 20 0.34 0.23 0.25 0.25 0.28 0.30 0.30 

210/ !~5 ' -2~ ' '  0.62 0.27 0.39 0.24 0.28 0.31 0.31 

2371117.5 64 0.65 0.23 0.42 0.25 0.30 0.33 0.32 
Same a s  9A-I 1160 157.11800 0.07 d R  

rribalay Inconel S a m e  as 9A-I  IO0 718 
KD B 3 l 6  

Same as 9A-I 800 157.11800 0.C7 d /2  0.43 0.50 0.50 

I160 157.ll800 0.07 d /2  11 1::: 11:;: i::: 0.63 0.69 0.69 I 110155 

2lOllO5 

235/117.5 64 1.16 0.45 0.63 0.63 0.60 0.71 0.71 

2601130 64 0.77 0.48 0.54 0.54 0.54 '---iz~f:;: 0.30 0.30 0.30 

1:; _- 
S a m e  as 9A-1 ___ 

-- .. . - ___ 
35117.5 20 0.23 0.18 0.22 0.22 0.25 0.29 0.29 S a m e  as 9A-I  _. .. .- _ _  __ - - -. __ - Tribaloy 

800 Inconel 450 157.11800 0.07 d l2  
PC 6316 718 

S a m e  as 9A-I 800 157.1/800 0.07 d / 2  110/55 20 0.50 0.28 
~ .~ - _ _  - 

2101105 20 0.79 0.48 0.49 0.48 0.62 0.62 0.60 

235/117.5 9 0.82 0.46 0.50 0.50 0.60 0.68 0.61 

- Same as 9A-1 
I600 157.11800 0.07 d l2  

- 

I I I I I I  I 1  I 

20 hr dwell at IlbO'F 



Q 

Test Conditions F r i c t ion  Resu l t s  Ten t  
Rubbing 

Dynamic F r i c t ion  
Stroke E x p e r i -  

M a t e r i a l s  Stat ic  F r i c t ion  
T e m p e r a -  Load/  Average Length B r e a k -  

Plate t u r e  P r e s s u r e  Velocity ( P i n  Number  P i n  
(. F) (Ib),,psi) (in. / sec l  d i am-  str:;es/ ( h r )  F:z:on Average  M a n m u m  Average  Average  Maximum Average  

Init ial  Obse rved  F i n a l  Init ial  Obse rved  F ina l  
Distance 

( i n  ) 

Tr iba loy  Alumin ize4  157.11 Boa 35/17.5 2 0  0 .25  0.35  0.42 0 .40  0.36 0.40 0.40 

Comment s  

S a m e  a s  9A- I  



T e s t  T e s t  Conditions F r i c t ion  Resu l t s  

Rubbing 

T e m p e r a -  Load /  Average  Length ~~~~r 
Stroke Expcr i -  

Stat ic  F r i c t ion  Dynamic F r i c t ion  M a t e r i a l s  
B r e a k -  

P l a t e  t u r e  P r e s s u r e  Velocity (P in  away lumber '  P i n  Str;;esl (hr)  Friction Average  M a x m u m  Average  Average  Maximum Average  
(. F, (Ib,,(psi, (in, /set, diam- Init ial  Obse rved  F ina l  Init ial  Obse rved  F ina l  

Distance 
(in ) 

35 /17 .5  20 0.21 0.19 0.24 0.24 0.21 0.26 0.26 
Tr iba loy  Tribaloy 

W D  B 316 W D  B 316 260/130 64.: 0.41 0.40 0.44 0.44 0.40 0.45 0.45 

800 1 5 7 ' 1 1 8 0 0  0.07 d l 2  110 /55  20 0.38 0.30 0.37 0.37 0.35 0.40 0.40 

?A-IO 700 400 450 157 '1/800 0.07 d / 2  

-__ . . .- . . - . -- - -. . _--- - 
1 157. I / 800 2101105 20 1.05 0.68 0.76 0.76 0.68 0.7R 0.78 

j2371117.5 64 1.35 0.65 0.65 0.65 0.74 0.75 0.75 

35117.5 20 0.16 0.04 0.10 0.09 0.12 0.17 0.17 

0.07 d / 2  2601130 64,: 0.36 0.43 0.43 0.43 0 .43  0.45 0.45 

1160 0.07 d l 2  
- 

~~ ~ ~~ 

157. I /8001 

- 

157'11800 0 .07  d / 2  110155 20 0 .23  0 .29  0.40 0.40 0.35 0 . $ 6  0.36 
__  - 

10/105 20 0.43 0.18 0.30 0.21 0.22 0.25 0.25 

E35 /117 .564  0.54 0.15 0.37 0.19 0.22 0.27 0.27 

Z i 7 5  20 o 3 3  . 0 . 2 7 .  o 28 0.22 0.27 0.27 0 .25  
- __ .. ._ .. - .. . .. 

CI-D ' A  luminized 
9A-I1 B 316 Inconel  718 450 

1160 ]157'11800 0.07 d / 2  

9A-12 Hastel loy Borided CHas te l loy  Borided C 357'li800 0.07 d / 2  60 /130  64;: 1 .05 0.40 0.49 0.49 0.45 0.49 0.49 

800 157.1"00 0 .07  d / 2  110 /55  20 0.32 0.24 0.30 0.30 0.25 o 32 0.32 

. - , 
- ~ ~~ - 

157.11800 o.07 d12 210 /105  20 0.74 0.25 0.36 0.28 0.34 0.36 0 .36  

235.1117.5 64 ilL98.-.\ 0.43 0 47 0.43 0.53 0.53 0.52 
I 

. - - ~~~ ._ 

- 
Plus 20  h r  dwell  at 116O'F 

Comment s  

S a m e a s 9 A - 1  

S a m e  a s  9A-I 

S a m e  a6 9A-1 

___ 
S a m e  a s  9A-1 

S a m e  a s  9A-I  

S a m e  a s  9A-I 

S a m e  a s  9A-I  

S a m e  a s  9A-I  

S a m e  a s  9A-I  

S a m e a s 9 A - 1  

S a m e  a s  9 A - I  

S a m e  a s  9A-I  

S a m e  a s  9A-1 

S a m e a s 9 A - I  

S a m e  a s  9A-I  
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TABLE 10 
SUMMARY TABLE O F  FRICTION IN SODIUM 

MATRIX 9A 
(HEDL Format)  

(Sheet 5 of 6) 

Comment 8 

+Plus 20  hr dwell at 1160-F 



TABLE 10 

SUMMARY TABLE O F  FRICTION IN SODIUM 
MATRIX 9A 

(HEDL Format)  
(Sheet 6 of 6 )  

Tent 

Materials 

umber Pin Plate  

T i c  TIN T i c  TiN 
9 A - I 6  ion coat ion coat 

B 3 l 6  B316 

Tribaloy Tribaloy 

PC 8316 PC 8316 
9A-17 700 700 

Alumi- A l u m i -  
9/7-18 nized nized 

Haatelloy C Hastelloy C 

Test Conditions 
Rubbing 

Stroke Experi- 
,Tempera- Load1 Average Length ~~~~r Duvel, Break- 

ture Pressure  Velocity (Pin away 
('F) (lb)/(psi) (in. I s e c )  diam- strtLesl (hr)  Friction 

Distance 
(in. ) 

35/17.5 20 0.37 

260/130 64 1.00 

eter) 

450 58.91300 0.07 d / 2  

800 58.9/300 0.07 d/2 110155 20 0.40 

2101105 20 0.72 

237/117.5 64 0.95 

35A7.5 20 0.25 

260/I30 6 4 '  1.52 

_. __ __ 
1160 58.9/300 0.07 d / 2  - 

450 58.91300 0.07 d l 2  

8Co 58.9/300 0.07 d / 2  110155 20 0.27 

. __ 
0.07 d / Z  Z101105 20 1.02 - - -. - . 1160 58.91300 

235/117.5 64 1.80 
- _  - 

35117.5 20 0.16 

2601130 6 4 :  1.33 
450 58.91300 0.07 d l 2  

- 

800 58.9/300 0.07 d l 2  110155 20 

-. 
2 lO l105 

23511 17.5 
I600 58.9/300 0.07 d l 2  

- 

Friction Results 

0.40 

0.20 

Comments 

0.45 0.45 0.54 0.54 0.50 
Same a s  9 A - I  

0.32 0.21 0.37 0.37 0.35 

__ .- -. __ .. .__ __ 
0.38 0.53 

0.14 0.19 

0.25 0.30 

0.31 0.33 0.23 

- 

..- ._. 
0.58 0.13 . 

0.40 0.38 
.-. -- -. - -- 

~~ 

Same as 9 A - I  

Same as 9 A - I  

Same as 9 A - I  

0.29 0.29 0.29 Same as 9 A - I  

Same as 9 A - I  
-- 0.48 0.48 ,-0.42 

0.40 0.40 0.38 

0.20 0.22 0.22 

0.42 0.44 0.44 
Same a s  9 A - I  

0.40 0.40 0.34 Same as 9A-1 

Same as 9 A - I  
0.60 0.60 0.50 

0.60 0.60 0.55 

:Plum 20 hr dwell at l16O.F 



without surface refinishing (with the exception of the Couple 17 r ider )  because 
of the lack of previous surface wear. 
result  of the Matrix 9A t es t s  was not obvious. 

Any significant increase in wear a s  a 
8 

Moderate wear  occurred on all  three Inconel 718 parts when tested 
against Tribaloy (Couples 5, 6, 9). 
i s t ics  observed in the previous tes t  matrix. 
to  show wear resistance superior t o  the bare  Inconel 718 a s  evidenced in 
Couples 7 (vs Tribaloy) and 11 (vs CI-D). 

This is  consistent with the wear charac te r -  

Aluminized Inconel 718 continued 

Stellite 6B again showed excellent wear resistance when matched against 

Tribaloy (Couple 8). 

Borided Hastelloy C vs itself (Couple 12), which was one of the few 'hew" 
couples in Matrix 9A, displayed little or  no wear a s  a result  of the test .  
Aluminized Hastelloy C vs itself (Couple 18) continued to  show good wear  
resistance. 

Three new mater ia l  entr ies  performed badly f rom the wear standpoint. 
Each of the ion-coated specimens, CrZ3C6 (Couple 14), TiC (Couple 15), and 

TiCTiN (Couple 16) experienced considerable surface wear. 

The friction coefficients measured on the twelve couples which were 
common to Matrices 9 and 9A showed exceptionally good agreement. As a 
group, the Tribaloy mater ia ls  continue to  show fairly uniform static and 
dynamic friction coefficients over the entire temperature range (-0.1 to  0.4 
at  lower temperatures  to  0.4 to  0.7 at  higher temperatures) .  However, this 
mater ia l  i s  characterized by breakaway peaks a t  temperatures  above 1000 OF. 
The maximum peak observed on the Tribaloys was 1.8 on Couple 17. 
peaks we r e  considerably lower, however. 

Most 

Two couples showed excellent all-around performance. Couple 8 matched 

a Tribaloy r ider  against a Stellite 6B plate, and the static and dynamic friction 
coefficients did not exceed 0.35 at  any temperature:  breakaway friction did not 

exceed 0.68. 
testing, and the accumulated wear  f rom both tes t s  was insignificant. 

which evaluated a CI-D r ider  (from Matrix 7)  with an aluminized Inconel 718 
plate (from Matrix 6)  a lso showed excellent friction results.  

Similar performance was observed on this couple during Matrix 9 
Couple 11 

Static and dynamic 

A 
55 



friction coefficients (after the initial 10 wear-in cycles a t  450°F) did not exceed 
0.4 at any temperature;  breakaway peaks did not exceed 0.55. 
appeared in significant. 

Surface wear 

Of the three ion-coated specimens, Couple 14 was the best per former , f rom 
the standpoint of friction, 
ceed that of many other mater ia ls  and it, like the other two ion couples, experi-  
enced extensive surface wear and/or  deformation. 

However, i ts  performance in this regard did not ex- 

Matrix 9A provided the f i r s t  bit of data on a group of predominantly "repeat" 
tes t  specimens. The results showed excellent repeatability of mater ia l  per -  
formance using the AI tes t  r i g  and showed a definite consistency of t e s t  tech- 

niques and data acquisition and evaluation, 

D. FRICTION MATRIX 10 

Friction Matrix 10, Table 11, was tested to  the temperature time-wear 
cycle profile shown in Figure 10. 
with high purity sodium vapor. 
mersed  in, liquid sodium. 

possible sodium temperature - lowest sodium surface level relationship was 
maintained, consistent with the required specimen temperature (Figure 10). 
Specimen temperatures  were measured by thermocouples embedded in the tes t  
fixture, adjacent to the tes t  art icles.  Testing to the required temperature  se-  

quence was performed without incident; however, some additional testing was 
performed to obtain friction vs load, and breakaway vs dwell t ime data, a s  noted 
in subsequent paragraphs. 

The tes t  environment was argon gas saturated 
At  no t ime were the coupons washed by, o r  im- 

To maximize the sodium vapor content, a highest 

The breakaway, static and dynamic friction coefficients, which were meas  - 
ured as  required at each of the specified temperature  levels, a r e  summarized 
in Table 12, while Figure 11 shows plots of the friction coefficients vs  wear 
cycles and temperature.  
cant surface wear  a r e  displayed in Figure 12. 
HEDL Summary Table Format  is  made in Table 13. 

Photos of several  specimens which incurred signifi- 
A presentation of the data in the 

A study of the data plots (Figure 11) shows consistently low friction values 
(0.3 o r  l e s s )  for  four specimens, No. 7 (Ni-Resist vs Vitrolube Type 304 stain- 

l e s s  steel), No. 9 (Triboloy 700 vs Inconel 718), No. 10 (Triboloy 700 vs  
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-- 
Couple 

1 
2 
3 
4 
5 

6 
7 
8 

9 
10 

11 
12 
13 
14 
15 
16 

17 

18 

TABLE 11 

FRICTION MATRIX No, 10 
(SODIUM VAPOR TESTS) 

Rider 

Aluminum Bronze 
,Aluminized I 718 
Aluminized I 7 18 
Inconel X-750 
Stellite 6B 

Stellite 6B 
Ni -Re sist 
Tribaloy 400" 
Tribaloy 700'' 
Tribaloy 700" 
K-Ramic"' 

J, 

CN- 1B':' 
CN- 1B':' 

AmCerMet 701-65 
~ C O M O  68-31 
Stellite 6 
Electrolyzed .,_ 
Chromium Plate-" 
Chromium Plate"' 

Plate 
~~~ ~~~ 

Colmonoy 5 
Aluminized I 7 18 
Aluminized I 7 18 
Nitrided Type 304 SS 
I 7 1 8  
Aluminized I 7 1 8  
Type 304 SS t Vitrolube 
I 7 1 8  
I 7 1 8  
Aluminized I 7 18 
I 7 1 8  
CN- 1B' 

Aluminized I 7 1 8  
I 7 1 8  

~ C O M O  68-31 
Stellite 6 
E 1 ec t: o lyze d Chromium 
Plat e "- 
Chromium Plate 'I' 

4. 

Temperature 
("  F) 

400 

900 

900 
500 

500 

500 

400 

900 

900 
900 

900 

9 00 
900 

900 

900 
900 
900 

900  

P r e s s u r e  
(psi)  

200 
800 
200 
200 
200 
200 
200 

200 
2 00 
200 

200 

200 
200 
200 
200 
200 
300 

300 

::316 SS substrate 

57 



A 

7 

1r v f 

300OF 
T 

I 

800 

:OLD T R A P  

900 - - 
800 A - 

700 

600 A 
500 A ,  

I [-I ! REMOVE L O A D  FROM NOS. 4,5,  & 6 

REMOVE L O A D  FROM NOS. 1 & 7 I- APPLY L O A D  TO 
NOS. 1,4,  5,6, & 7 - 

A 
3OO0F 



0.36 
0.44 
0.51 

0.29 
0.41 

0.80 
0.34 
0.39 

0.43 
0.29 
0.39 

0.31 
0.40 
0.46 

0.56 
0.20 
0.30 

0.40 
0.49 
0.52 

0.36 
0.17 
0.26 

c 

TABLE 12 

(Sheet 1 of 2) 
DATA SUMMARY - FRICTION TEST 10 

- - 

Coupl, 

- 
I 

2 

3 

4 

5 

6 

7 

8 

9 

- 

F r i c t i o n  Coeff ic ient  

30O-Ft 300'F 
A 

400'F 
A 

80O'F 
A 

800'F 
8 

300'F n Contact  
' r e s s u r ,  

(ps i )  

- 
200 

800 

2 00 

200 

200 

200 

200 

200 

200 

- 

Ireakaway(B ) 
Static(S)* 

)ynamic(D)* 
R ide r  P la t e  

136-160 
Cvc le s  

161-185 
Cyc le s  

235-260 
Cyc le s  

36-60 
Cyc le s  

0.27 
0.39 
0.44 

0.18 
0.20 
0.31 

0.12 
0.14 
0.23 

0.15 
0.31 
0.55 

0.15 
0.19 
0.34 

0.15 
0.15 
0.25 

0.57 
0.22 
0.24 

0.35 
0.24 
0.30 

0.38 
0.19 
0.27 

11-35 
C y c l e s  

0.28 
0.23 
0.39 

0.32 
0.32 
0.41 

0.15 
0.23 
0.33 

0.35 
0.33 
0.45 

0.15 
0.15 
0.25 

0.16 
0.14 
0.29 

0.40 
0.2 1 
0.29 

0.25 
0.19 
0.29 

0.32 
0.20 
0.27 

Q-10 
Cycles  

0.25 
0.28 

0.21 
0.31 

0.22 
0.30 

0.40 
0.52 

0.40 
0.58 

0.30 
0.35 

0.13 
0.16 

0.06 
0.11 

0.15 
0.20 

0.50 
0.34 
0.4 I 

0.35 
0.37 
0.41 

0.37 
0.33 
0.42 

0.40 
0.24 
0.40 

0.23 
0.2 I 
0.29 

0.30 
0.29 
0.45 

0.13 
0.03 
0.13 

0.46 
0.17 
0.14 

0.28 
0.21 
0.22 

Colmonoy B 
s 
D 

B 
s 
D 

B 
s 
D 

B 
s 
D 

B 
s 
D 

B 
s 
D 

B 
s 
D 

B 
s 
D 

B 
S 
D 

0.35 
0.32 
0.43 

0.34 
0.36 
0.39 

0.23 
0.23 
0.38 

0.20 
0.13 
0.26 

0.16 
0.15 
0.27 

0.30 
0.33 
0.39 

0.40 
0.27 
0.30 

0.32 
0.18 
0.34 

0.42 
0.31 
0.40 

Aluminized 
Inconel  718 

Aluminized 
Inconel  718 

Aluminized 
Inconel  718 

Aluminized 
Inconel  718 0.30 0.34 

0.40 

Inconel  X-750 Nitr ided 
Type 304 SS N o  data  taken above 500'F __ 

I I 
Ste l l i t e  6B Inconel  718 

N o  data  t aken  above 500°F - 

I I S t e l l i t e  6 B  Aluminized 
Inconel  718 No da ta  t aken  above 500°F - 

I I Ni-Res i s t  Type 304 S S  
+ Vitrolube --I No da ta  t aken  above 400'F 

Inconel  718 0.42 
0.31 
0.37 

0.55 
0.22 
0.29 

Tr ibo loy  400 

Inconel  718 Tr ibo loy  700 

*Average obse rved  during cyc le s  
tPrior to cold t rapping 

A Measuremen t s  m a d e  a f t e r  overnight  dwell (16-br  min imum)  

A Measuremen t s  m a d e  a f t e r  3-day dwell  (min imum)  



TABLE 12 

(Sheet 2 of 2) 
DATA SUMMARY - FRICTION TEST 10 

F r i c t i o n  Coeffic t 

800'F 
A 

400°F 5 0 0 ° F  Tl--F 3 0 0 " F t  300°F 

I n  
6 0 x F  I 7 x F  800'F 

A 
900'F 
A 

900 'F  
A 

300'F 
A 3reakaway(B)  

Static(s)* 
lynamic(D)*  

COUPl' 

- 
10 

I 1  

12 

13 

14 

15  

16 

17 

18 

Rider  P l a t e  

235-260 
C y c l e s  

0.24 
0.18 
0.32 

0.40 
0.49 
0.64 

0.36 
0.16 
0.24 

0.36 
0.33 
0.46 

0.88 
0.35 
0.42 

0.36 
0.18 
0.29 

0.25 
0.29 
0.32 

0.63 
0.47 
0.68 

0.65 
0.51 
0.57 

136-160 
C y c l e s  

0.15 
0.13 
0.16 

0.50 
0.34 
0.37 

0.28 
0.28 
0.31 

0.37 
0.29 
0.35 

0.60 
0.19 
0.27 

0.04 
0.04 
0.14 

0.15 
0.12 
0.25 

0.35 
0.25 
0.39 

0.68 
0.52 
0.55 

161-185 
C y c l e s  

0.20 
0.09 
0.19 

0.41 
0.32 
0.38 

0.40 
0.21 
0.25 

0.48 
0.29 
0.37 

0.61 
0.30 
0.37 

0.19 
0.07 
0.14 

0.23 
0.18 
0.27 

0.35 
0.28 
0.37 

0.75 
0.45 
0.57 

185-210 
Cycles  

0.25 
0.12 
0.18 

0.36 
0.26 
0.31 

0.33 
0.31 
0.38 

0.42 
0.29 
0.37 

0.50 
0.41 
0.52 

0.20 
0.09 
0.18 

0.30 
0.22 
0.36 

0.40 
0.29 
0.36 

0.85 
0.44 
0.51 

211-235 
C y c l e s  

0.06 
0.16 
0.22 

0.28 
0.20 
0.38 

0.50 
0.32 
0.42 

0.30 
0.27 
0.38 

0.84 
0.37 
0.43 

0.26 
0.09 
0.19 

0.32 
0.24 
0.31 

0.44 
0.31 
0.39 

0.82 
0.51 
0.54 

Tr iba loy  700 Aluminized 
lnconel  718 

Inconel 718 

CN-1B 

Aluminized 
Inconel 718 

Inconel  7 I8  

200 

200 

200 

200 

200 

200 

200 

300 

300 

- 

0.13 
0.20 

0.14 
0.22 

0.09 
0.15 

0.18 
0.23 

0.16 
0.19 

0.23 
0.26 

0.18 
0.24 

0.29 
0.46 

0.08 
0.12 

0.10 
0.10 
0.20 

0.12 
0.47 
0.72 

0.08 
0.08 
0. I2 

0.10 
0.08 
0.19 

0.22 
0.17 
0.33 

0.10 
0.07 
0.19 

0.18 
0.21 
0.24 

0.33 
0.22 
0.44 

0.28 
0.20 
0.26 

0.20 
0.09 
0.20 

0.36 
0.10 
0.24 

0.10 
0.05 
0.15 

0.28 
0.29 
0.37 

0.40 
0.16 
0.29 

0.08 
0.02 
0.13 

0.20 
0.11 
0.17 

0.47 
0.44 
0.51 

0.32 
0.42 
0.50 

0.23 
0.04 
0.09 

0.30 
0.21 
0.27 

0.22 
0.05 
0.18 

0.33 
0.26 
0.33 

0.52 
0.17 
0.27 

0.17 
0.05 
0.11 

0.15 
0.17 
0.18 

0.33 
0.33 
0.44 

0.71 
0.43 
0.54 

0.12 
0.11 
0.21 

0.30 
0.20 
0.37 

0.18 
0.04 
0.12 

0.32 
0.22 
0.34 

0.30 
0.12 
0.21 

0.15 
0.07 
0.19 

0.37 
0.17 
0.22 

0.57 
0.38 
0.52 

0.28 
0.24 
0.26 

0.13 
0.05 
OIL7 

0.20 
0.10 
0.2 1 

0.07 
0.06 
0.13 

0.17 
0.18 
0.32 

0.20 
0.17 
0.22 

0.13 
0.07 
0.18 

0.20 
0.20 
0.25 

0.37 
0.29 
0.46 

0.38 
0.21 
0.30 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

B 
S 
D 

K-Ramic  

CN-1B 

C N - I B  

A m  Cer Met 
701-N65 

Ni-Res is t  Tr iba loy  700 
P C  

Ste l l i t e  6 S te l l i t e  6 

E l e c t r o l y z e d  
C h r o m e  P l a t e  
on Type  316SS 

C h r o m e  P l a t e  
o n  Type  3 16 SS 

E l e c t r o l y z e d  
C h r o m e  P l a t e  
on Type  316SS 

C h r o m e  P l a t e  
on T y p e  3 16 SS 

A M e a s u r e m e n t s  m a d e  a f t e r  overnight dwel l  (16-hr m i n i m u m )  

M e a s u r e m e n t s  m a d e  a f t e r  3-day dwell  ( m i n i m u m )  

*Average  o b s e i v e d  dur ing  cyc les  
t P r i o r  t o  co ld  t rapping  
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Figure 11. Friction Matrix No. 10 - Friction Coefficients vs W e a r  Cycles 
(Sheet 1 of 3 )  
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1012 200 psi 

CN-1B 1 CN.1B 
318 SS 1 :;?E) I r 1 7 M )  I '5 
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NO. OF TEST CYCLES 

NOTES 

1. MATERIALSANDSOURCES ARE 
IDENTIFIED ON FIGURE 2 
I W E E l  a. 

2 SYYBOL DESCRIPTIONS ARE 
GIVEN ON FIGURE 2 (SHEET 61 

1 DISHED LINES X - X - X 
REFER TODYNAWC FRICTION. 

4. SOLID LINES - 
REFER TO STATIC FRICTION. 

6. THE FIRST DATAFOINT IDOTI 
ABOVE THE DWELL SYMBOL IS 
THE BREAKAWAY FRICTION. 

THE SECQND DOTS ARE THE 
AVERAGE VALUES FOR THE 
FIRST FIVE STATIC AND 
DYNAMIC CYCLES 

(I 

7. INTERYEDIATE DOTS I W E N  
PLOTTEDI REsnEsErn THE 
AVERAGE VALUESMEASURED 
AT THE MIOPOINT OF THE 
WEAR CYCLE APPLICATIOIIS. 

U THE FINAL DOT IPRECEDING 
THE NEXT DWELL SYMBOL) 
IS THE AVERAGE STATIC AND 
DYNAMIC VALUES OVER THE 
LIST FIVE CYCLES. 

P DWELL TIMES SHOWN WERE 
SPENT AT THE SAME TEM. 
PEnATunE NOTED FOR 
SUBSEQUENT TEST CYCLES. 

REFER TO THE ACTUAL TEM. 
PERATURE SEQUENCE FOR 
EACH MATRIX FOR DETAILED 
TEVERATURE INFORMATION. 

10. 

11. BLANKS I N  DATA CURVES 
MEAN THAT NO WEAR CYCLES 
WERE RUN AT THOSE TEW 
PERATURES THE TOTAL 

DETERMINED FROY THE 
ABSCISSA. 

wMBEn OF CYCLES CAN BE 

DWELLTIME L 
6W747182 

Figure 11. Friction Matrix No. 10 - Friction Coefficients vs W e a r  Cycles 
(Sheet 2 of 3) 



NOTES 
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REFER TO STATIC FRICTION 
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FIRST FIVE STATIC AND 
DYNAMIC CYCLES 
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1 INTERMEDIATE DOTS IWHEN 
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AVERAGE VALUES MEASURED 
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WEAR CYCLE APPLICATIONS 

8 THE FINAL W T  IPRECEDING 
THE NEXT OWELL SYMBOL1 
IS THE AVERAGE STATIC AND 
DYNAMIC VALUESOVER THE 
LAST F lV€ CYCLES 

9 DWELL TIMESSHOWNWERE 
SPENT A T  THE SAME TEM 
PERATURENOTEOFOR 
SUBSEOUENT TEST CYCLES 

REFER TO THE ACTUAL TEM 
PERATURE SEOUENCE FOR 
EACH MATRIX FOR DETAILED 
TEMPERATURE INFORMATION 

10 

11 BLANKS I N  DATA CURVES 
MEAN THAT NO WEAR CYCLES 
WERE RUN AT THOSE TEM 
PERATURES THE TOTAL 
NUMBER OF CYCLES CAN BE 
DETERMINED FROM THE 

6507 471f 

Figure 11. Friction Matrix No. 10 - Friction Coefficients vs Wear Cycles 
(Sheet 3 of 3) 
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TABLE 13 
SUMMARY TABLE OF FRICTION IN SODIUM VAPOR 

MATRIX 10 
(HEDL Format) 
(Sheet 1 of 8) 

T e s t  T e s t  Conditions F r i c t i o n  R e s u l t s  

Rubbing 
Experi- 

S t a t i c  F r i c t i o n  Dvnamic  F r i c t i o n  S t r o k e  M a t e r i a l s  
T e m p e r a -  L o a d /  Average  L e n g t h  c2tzr Dwell B r e a k -  

l u m b e r  P i n  P l a t e  t u r e  P r e s s u r e  Velocity ( P i n  

eter) 
( " F )  ( lb) / (psi)  (in. / s e c )  d i a m -  

(hr) F:zTon Average Maximum 
In i t i a l  O b s e r v e d  

D i s t a n c e  

C o m m e n t s  

P r e v i o u s  e x p e r i e n c e  i n c l u d e s  1015 a t  

a t  300" F a f t e r  co ld  t r a p p i n g .  
0.40 0.42 0.45 0.45 3 0 0 ° F  b e f o r e  co ld  t r a p p i n g  and 25 /12 .5  

m o v e d  a t  40D'F and reappl iLd a t  3 0 0 ° F  a t  

a s  noted above. 

a t  3 0 0 ° F  a f t e r  co ld  t r a p p i n g .  

Rubb ing  e x p e r i e n c e  i n c l u d e s  160180 
a t  p r e v i o u s  t e m p e r a t u r e  l e v e l s .  

Rubb ing  e x p e r i e n c e  i n c l u d e s  2101105 
0.34 0.34 0.37 0.37 a t  p r e v i o u s  t e m p e r a t u r e  l e v e l s .  

Rubb ing  e x p e r i e n c e  i n c l u d e s  2351117.5 
0.38 I 0.39 I 0.42 1 0.42 1 a t  p r e v i o u s  t e m p e r a t u r e  leve ls .  

! I  0.18 0.20 0.28 0.25 

0.32 I 0.38 1 0.50 1 &I: 1 } 
0.34 0.38 0.50 

S a m e  a s  10-2 - 

I 0.36 0.40 0.55 0.43 



0.40 

o.39 

0.30 

0.25 

P r e v i o u s  e x p e r i e n c e  i n c l u d e s  1 0 / 5  at 

at 300" F a f t e r  co ld  t r a p p i n g .  
0.70 0.70 3 0 0 ° F  b e f o r e  co ld  t r a p p i n g  and  25/12 .5  

o w e a r  c c e s  a o v e  oa re- 
o.52 o.40 %oved a t  ?O;'F abnd r z i d  a", 30dO"F 

a t  end of t e s t .  P r e v i o u s  r u b b i n  ex er i -  
e n c e  i n c l u d e s  85142.5 t o t a l  at 3fO0,4gO, 

p - 7  and 500-F.,  

S a m e  as 10-4  ___ 1 0.38 0.38 

0.36 0.32 

TABLE 13 

SUMMARY TABLE O F  FRICTION IN SODIUM VAPOR 
MATRIX 10 

(HEDL Format) 
(Sheet 2 of 8) 

I T e s t  T e s t  Condi t ions  F r i c t i o n  R e s u l t s  I 

M a t e r i a l 6  

P l a t e  r t r o k e  
.ength 
( P i n  
liam- 
: t e r )  

kperi- 
e n c e d  S ta t i c  F r i c t i o n  D y n a m i c  F r i c t i o n  

r e m p e r a  
t u r e  
("  F) 

L o a d /  A v e r a g e  
P r e s s u r e  Veloc i ty  
( Ib) / (psi)  (in. / s ec :  

~ 

i v e r a g ,  
F i n a l  

C o m m e n t s  
u m b e r  x e r a g a  M a x i m u n  

Ini t ia l  O b s e r v e d  

N i t r i d e d  
I 

10-4 400  

I 

0.25 I 0.40 0.36 

__ 
0.28 

39.3/ 
200  0.07 6 0 / 3 0  I 140 I 0.15 

300 0.20 I 0.28 l l 0 / 5 5  I 92 I 0.40 

I 

Ste l l i t e  6 B  Eyl 400 y 
0.12 0.70 

0.20 60130 I 140 I 0.15 10-5  

300 0.22 

___ 

0.18 

1 1 0 / 5 5  I 92 I 0.23 

10-6 400  6 0 / 3 0  1 140 I 0.15 

3 00 y 
0.04 0.13 

0.32 

__ 

0.25 10-7  N i r e s i s t  304 SS & 1 t Z o l u b e  
400  

0.02 300 ! + 



TABLE 13 
SUMMARY TABLE O F  FRICTION IN SODIUM VAPOR 

MATRIX 10 
(HEDL Format )  
(Sheet 3 of 8) 

Test  Conditions Frict ion Resul ts  T e s t  
Rubbing 

Dynamic Frict ion I Mater ia l s  Stroke Static Fr ict ion 



TABLE 13  
SUMMARY TABLE O F  FRICTION IN SODIUM VAPOR 

MATRIX 10 
(HEDL Format) 
(Sheet 4 of 8) 

Test Conditions Friction Results Test  
Rubbing 

Materials Stroke Static Friction Dynamic Friction 
Exwr i -  

(Ib)/(psi) (in. ,set) diam- Strz;es, Tempera- Load/ Average Length ;uEz:r Dwell Break- Comments 
Pin ,P l a t e  ture Pressure Velocity (Pin away 

("  F) (hr)  Friction Average laximum Average Average Maximum Average 
Initial lbserved Final Initial Observed Final 

eter)  Distance 
(in. ) 

0.12 0.10 0.19 0.30 0.20 
> 

0.16 0.09 0.20 0.30 0.18 

b Same as  10-2 

0.20 0.16 0.21 0.23 0.23 

0.22 0.20 0.30 0.40 0.34 
> 

Same a s  10-2 



T e s t  

4- 10-12 CN-1B 

Test  Conditions I Frict ion Resu l t s  I 

7- 
0.08 

0.20 

0.30 

0.17 

10-13 CN-1B I 

0.09 0.08 0.12 0.21 0.12 . 
0.22 0.22 0.23 0.36 0.26 

* S a m e a s  10-2 

0.33 0.33 0.40 0.47 0.43 

0.22 0.15 0.26 0.35 0.22 

I 

0.08 

0.27 

0.27 

C.30 

I 

. 
0.12 0.08 0.18 0.22 0.20 

0.32 0.30 0.36 0.40 0.38 

b Same a s  10-2 - 

0.31 0.27 0.38 0.38 0.38 

0.36 0.36 0.42 0.50 0.50 2 

- 

Static  Fr ic t ion  Dynamic. Frict ion 

.verage Maximum Average  Average  Maximum Average  , Initial l o b s e r v e d  I Final  Initial Observed Final  

Comments 



TABLE 13 
SUMMARY TABLE O F  FRICTION I N  SODIUM VAPOR 

MATRIX 10 
(HEDL Format)  

(Sheet 6 of 8) 

T e s t  Tes t  Conditions Frict ion Resu l t s  

I I Rubbing I I 1 I 

Comments 

Stroke 

Ln. ,set) diam- 
eter) 

Exper i -  

Lverage Length ;::er Dwell Break-  
felocity (P in  

S trokes /  
of (hr)  F:z",n 

Distance 

\ 

0.07 d l 2  60130 140 0.22 0.20 0.29 0.13 0.36 0.36 0.30 

1:z-15 92 0.61 0.30 0.32 0.30 0.35 0.53 0.38 
I I l l  I I I I I I 1 I I Same as  10-2 

2;:i.5 70 0.84 C.37 0.39 0.37 0.47 0.50 0.39 

2t;L 92 0.88 0.32 0.40 0.38 0.42 0.52 0.41 



Q 

TABLE 13 
SUMMARY TABLE O F  FRICTION IN SODIUM VAPOR 

MATRIX 10 
(HEDL Format) 
(Sheet 7 of 8) 

- ~ _ _ _ _  _-_- ___- 
Test Coualtmns I Fric t ion  Resu l t s  T e s t  

I I I 

lumber 

10-16 

10-17 



c) 

Number 

10-18 

4 
N 

Chrome 

T e s t  Fr ic t ion  Results  I 

Materials  
 tempera 

Pin Plate ture 
(' F )  

Chrome 
Plate on 
3 16% 

I 800 

I 

TABLE 13 
SUMMARY TABLE OF FRICTION IN SODIUM VAPOR 

MATRIX 10 
(HEDL Format)  
(Sheet 8 of 8) 

T e s t  Conditions 

Rubbing 
Exper i -  

Number Dwell  Bar\=::- 
Strokes 1 Initial Observed Final  Initial Observed Final  
Dis tance  

enced . Static Fr ic t ion  Dynamic. Frict ion 
Comments 

of (hr) Average  Maximum Average  Average  Maximum Average  Friction 

( i n  ) 

60130 140 0.28 0.20 0.30 0.20 0.27 0.40 0.25 . 
1:z!5 92 0.75 0.40 0.50 0.50 0.53 0.60 0.60 

-___- -- b Same a s  10-2 

2351  
117.5 70 0.82 0.50 0.51 0.51 0.53 0.55 0.54 

- 
2!!( 92 0.65 0.48 0.54 0.54 0.54 0.75 0.60 I 



Aluminized Inconel 718), and No. 15 (Ni-Resist vs Tribaloy 700). 
of these,  7 and 9, showed some indication of metallurgical bonding as  evidenced 

by the noted breakaway spikes. 
performance. 

other than very minor polishing of high spots. 

The f i r s t  two 

The la t ter  two displayed excellent all-around 
None of the four couples had any visual indication of surface wear 

Nine of the couples (1, 2,  3, 6 ,  8, 12, 13, 14, 16) demonstrated friction 
coefficients which touched a s  high a s  0.4 to 0.5 somewhere in the temperature 
sequence. 
than these values over most of the tes t  range. 
(AmCerMet vs Inconel) was clouded by the presence of significant breakaway 
spikes which indicate some sor t  of metallurgical bonding for  this  mater ia l  com- 
bination at relatively low service temperatures.  
group experienced surface wear ,  other than slight polishing, with the exception 

of the r ider  (Stellite 6B) on Couple 6 which incurred some minor scratching. 

However, a s  noted in Figure 11, friction values were  generally l e s s  
The performance of Couple 14 

None of the couples in this 

The remaining five couples (4, 5, 11, 17, 18), by comparison, did not per -  
form nearly so well a s  the other specimens, 

each reached a s  high a s  0.7 at some temperatures ,  and the friction levels over 

the entire t e s t  were  generally higher than those indicated for  the other couples. 
The only significant wear  observed on Matrix 10 couples occurred on four of 
these five, and consisted of slight scratching of one or both pieces of the couple. 

Figure 12 gives an indication of the nature of wear  on Couple 4 (Inconel X-750 
vs Nitrided Type 304 stainless steel) ,  Couple 5 (Stellite 6B vs Inconel 718), 
Couple 15 (K-Ramic vs Inconel 718), and Couple 18 (Chrome-plated Type 316 
stainless steel  vs  Chrome-plated Type 3 16 stainless steel). 

Dynamic friction coefficients on 

After  the specified 25 wear  cycles were applied to each specimen at 800°F 
following the overnight (nominal 16 hours)  dwell, Couple 15 (Ni-Resist vs 
Triboloy 700), which had displayed consistently low friction values, was selected 

fo r  load tes t s  to ascer ta in  the effect, if any, of contact loading. In addition to 
the 25 wear-cycle run at 200 psi, 25 cycles were also run a t  500- and 800-psi 
contact loading. 
applied. 
were  no discernible changes in the measured static and dynamic friction 
coefficients. 

Upon return to 200-psi loading, ten more  wear  cycles were  
The tes t s  showed that over this  limited range of contact loadings there  
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At the conclusion of the scheduled 800" F friction measurements,  eight 
couples were  selected for  a se r i e s  of tes t s  to study the effects of short- term 
dwells on the breakaway friction values. The eight were  picked because after 
the overnight dwell at 800"F,each had shown a breakaway "spike" in excess  of 
the average static friction value. 

couple af ter  a n  additional 4-hour dwell. 
away values were  tested again af ter  dwells of 30 min, 5 min, 1 min, 30 sec,  
and 1 sec. 

mens at 900, 300, and 500°F. 
the test specimens gave positive indication that the dwell t ime had a significant 
effect on the magnitude of the breakaway friction. 

Breakaways were  then measured on each 
Those sti l l  showing significant break- 

This same procedure was subsequently repeated on select  speci- 
Over these short  dwell time durations, none of 

E. FRICTION MATRICES 11 AND 12 

The overall  friction test program was reviewed at a general  meeting at ARD 
on May 8 and 9, 1974, with representatives of AEC, HEDL, ARD, AI, LMEC, 

AMCO, GE, and General Atomics in attendance. 
eleventh and twelfth matrices, which was formulated at this meeting, is  shown 
on Table 14. 

The tentative content of the 

Material  procurement for  the test couples i s  presently in  progress .  

111. IMPACT ON LMFBR PROGRAMS 

The resul ts  of this  program are needed f o r  the selection of Mater ia l  f o r  the 
d r ive r  ducts for  F F T F  and FBR's, and will provide information to define the 
methods and forces  required to clamp a core  a f te r  refueling. 
a lso support LMFBR technology, by providing friction (breakaway and sliding) 
data at various contact p re s su res  fo r  other reactor  component materials and/or  
material combinations anticipated for  use  in a high-temperature (400 to 1600" F), 
high-purity (<5 ppm) sodium and/or  sodium vapor environment. 

This program will 

A 
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TABLE 14 8 
MATRIX 11 - SODIUM 

1. Aluminized Inconel 718/self 
2. Aluminized Inconel 718/self 
3. Aluminized Inconel 718/self 
4. Aluminized Inconel 718/self 
5. Armco NP444/self 
6. Inconel 903/self 
7. Armco NP444/In 718 
8. Armco NP444/Alum. In 718 
9. Armco NP444/304SS 

10. In 903/In 718 
11. In 903/Armco NP444 
12. In 903/A1. In 718 
13. A1 In 903/A1 In 903 
14. TiAl/self 
15. 304 SS/Incoloy 800 
16. 2 1/4 C r  - 1 Mo/self 
17. AmCerMet 701 - N65/self 
18. Trib. 700/self (D-Gun applied) 

( a i r  heat t reatment)  
( iner t  gas t reatment)  
(air t rea t ,  hand polish) 
(inert  t rea t ,  lap to <10 r m s )  

MATRIX 12 - INERT GAS AND SODIUM VAPOR 

1. CN-lblself  
2. LC-lHD/self 
3. Armco NP444/self 
4. Inconel 903/self 
5. Tribaloy 700/self 
6 .  Tribaloy 400/self 
7. Stellite 2l /self  
8. AmCerMet 701-N65/self 
9. CN-lB/Al In 718 

10. K-ramic/self  
11. Crz03/self (coating) 
12. Cr-Pla te  t K-ramic Treatment/self  
13. 
14. Ni-Resist /NP444 
15. Ni-Resist/Trib. 700 
16. In 718/Lubricated In 718 (Lubricant TBD) 
17. In 718/Lubricated In 718 (Lubricant TBD) 
18. In 718/Lubricated In 718 (Lubricant TBD) 
19. In 718/Lubricated In 718 (Lubricant TBD) 

Cr-Pla te  t K-ramic Treatment/In 718 
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IV. SCHEDULE 

O N  

7 

The program activities and milestones a r e  shown in the following tes t  
schedule. 
12 in G F Y  '75. 

The schedule has been updated to show inclusion of Matrices 11 and 

T 

F Y  1974 F Y  1975 
Activity 

1. Matrix 8 

2. Matrix 9 

3 .  Matrix 9A 

4. Matrix 10 

5. Matrix 11 

6 .  Matrix 12 

F 

1. Complete Test 
2. Final Test  Report 

\7 
M J  J 

Fab 

- 
,Denotes Completion 

TASK 1 - Friction Test ,  Schedule and Milestones 
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