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ABSTRACT 

As prepared W-Z caating en Mo-0. STi was found to be 
essentially MoSiz. Up�n expasure at Z700°F. the coating becomes 
three ph�se -.nd develeps an oxidatien resistant glaze. 

A statistically designed experiment was run on twe levels 
of each of nine process variables in order to optimize the W-Z 
ceating process. This experiment indicated that the three most 
important process variables were time and temperature of process­
ing and mixing of the coating pewders. Saundness ca£ the Mo-0. 5Ti 
surface and acid etching af the surface were ef secondary importance. 
Purity, particle size and age of powder mixture and retort material 
were, statistically, minor in importance. 

The recommended optimum coating would be produced by 
pro_cessing uncontaminated surface Mo-0. STi etched and honed. The 
work piece should be immersed in a commercial purity, -60 plus 150 
me�h powder that is well mixed. The work should be processed twice 
(lZ hours at temperature each time) at 1900° F. in a steel retort. The 
coating produced should have a wear life of 47 hours and a standard 
deviation of 8 hours at Z700°F. under the oxidation conditions used in 
this program. 

Thia report Jlaa been reT1eved and 18 approved. 

.Ul 

4t,;.p.� 
_w. P. _CONRARDY, Chief V
-Materials . .Eng_ineering Branch
· Materials Applications Division

AF_ � teriais i.ab_ora tory
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I. INTRODUCTION 

A. 'General 

Present requirements for•high temperature materials have 
focused attention on the refractory metals.molybdenum, columbiurn., 
tantalum and tungsten. Of these metals, molybdenum is favored · 
because it is relatively low in cost, presently available in many 
shapes, sizes, in quantity, and has good high temperature properties. 

The greatest drawback to the use of molybdenum as a struct­
ural material for high temperature applications has been its complete 
lack of oxidation resistance at these elevated temperatures. At temp­
eratures. above 1450°F., the oxidation product, Mo03, volatilizes 
catastrophically.· Under the designation· "W-2" Chromalloy Corpora­
tion has developed a coating which protects molybdenum at 3000°F. in 
oxidizing atmospheres for several minutes without failure. At 2000°F., 
W-2 coated parts have withstood oxidation for 7200 hours and at 2700°F. 
up to 76 hours. 

Another property of the W - 2 coating is its excellent thermal 
shock resistance. Specimens have survived thirty cycles of thermal 
shock for 2600°F.- to room temperature. They wer..e held at 2600°F. 
for 15 seconds and cooled b:,r an oxygen blast. 

B. The W-2 Coating Process 

The W-2 coating is produced by embedding the part in a powder 
mixture containing the elements to be transferred to the molybdenum 
substrate, an inert filler and energizer. 

Upon heating, the energizer volatilizes and reacts with the 
coating elements, forming gaseous compounds which then react at the 
molybdenum surface depositing the coating. 

The parts placed in W-2 pack mixture are contained in a molyb­
denum or steel box. This box is inserted in a retort which is heated to 
the coating temperature and held there for the desired coating time. The 
retort is provided with a seal which permits. escape of air during heat-up 
but excludes air when the retort is cooled. 

~-.--------------.,----
Manuscript released by authors March 1964 for publication as an RTD Technical 
Documentary Report .. · 



II. OUTLINE OF WORK PERFORMED 
UNDER THE CONTRACT 

The purpose of the werk perf~rmed' under this c0ntract was to 
optimize the W -2 c0ating, establish reliability and repreducibility and 
develri)p a basis fer Air Force specifications. 

This work was breken down by the spc;ms0r int0 twct phases: 
(1) investigation 0f the variables af the W-2 ceating precess and their 
effects on the ebtained cQatings; and (2) ceating :precess eptimizatien 
using the data obtained in Phase I. 

A statistical appr0ach was utilized in Phase I and the effects of 
all important va.r~ables was established befere Phase II was initiated. 
Any attempt to il'l.vestigate all the knewn variables and their interactions 
in Phase I wou3:d have led tct a. pregram t8o cumberseme to handle within 
the all0ted time of the present c<1ntract. In erder. tc, carry 0ut the pro­
visions of the c0ntract, it was necessary ta limit the_number of investigated 
variables. Battelle Memorial Institute was subcontracted by Chromalloy 
to design and later evaluate the results 0f the experiments on a statistical 
basis. 

Battelle and C1}:,rCi>mall0y compiled j8intly a list of the variables to 
be investigated with two levels per variable. This list was approved by 
the Air Force. The only substra_te material coated was arc-cast Mo-0. STi 
of • 035" thickness. The variables and levels ef each variable studied were: 

A. 

B. 

Mate rial Comp0und (Pack Mixture) 

l. Purity: high c0mmercial 
2. Particle size: 325 mesh 60 mesh 
3. Age: new one month old 
4. Mixing: g<i>od poor 

Substrate 

l. 
2. 

Surface Conditi,m: unc0ntaminated ce1ntaminated . ' 
Surface preparatican: etched as relled 

C. Process 

1. 
2. 
3. 

Time 
Temperature 
Retort 

24 hours 
1800°F. 

Mild steel.insert 
in mild steel box 

-a-

two 12 hour cycles 
1900°F. 

Molybdenum insert in 
mild steel bqx 



- III. 

Th~ following evaluation stu.dj.es were made: 

A. Metallographic (2 case depths, as coated, oxidized). 

B. Chemical Composition and Distribution (2 case' depths, as 
coated, oxidized}. 

.,, ,o. 
C. , Oxidation studies (limited to a single 2700 F. test due to 

lack of time and funds). 

,. 
PRELIMINARY EXPERIMENTS 

A. Aim and Experimental Conditions 

• . • , : I 

, In order to enable Battelle td determine the number of speci-
mens nec:essary to make each experiment meaningful fr<;>rt1 a statistical 
point of view and to determine the best technique for detecting coating 

· failures, : 80 specimens were prepa;ed in four coating, experiments. Half 
of these ~pecimens were tested by Battelle; the 'other half by Chromalloy. 
The data obtained here also provided information as 1;o what form the 
statistica'i analys,~s might fake. 

,: The experiments were run in pairs with Chromalloy's present 
W-2 coating conditions, 2 cy~les of 12 hours each at 1900°F. T~e speci­
mens were oxidation tested i,n slowly flowing air in the presence of Mo03 
at 2700°F. · · 

B. ': Prepcil.ration of Specimens 

Specimen~ for these ~xperiments, of the size 1 11 X 1/2" X 
O. 035", were prepared in the fo~lowing way:· 

1. Edges and corner.s were rounded by grinding and finished 
· on silicon carbide paper, · 

:· 2. Etched with l:~. HNO~: wa_ter· for l 1/2 minutes, 

, 3. Washed thoroughly with mter, 

4. Liquid honed, · 

5. Washed with hot water; and 

6. Washed with ace.tone 

The specimens were packed in an inert molybdenum box, con­
taining the W-2 powder mixture.· The box was then inserted in a 5•i x 6 11 

x 11 11 stainless steel retort and th~ 'retort put into a furnace v·re-h:eated to 

-3-



1900°F. Five hours heating-up time wa.s added to the 12 hours coating 
time. After the retort was furnace cooled and opened, the specimens 
were removed and cleaned. These specimens were given a second 
processing under the same conditions of the first processing, using a 
newly mixed W-2 pack. 

C. Oxidation Test Results 

l. Battelle Tests. 

The W-2 coated Mo-0. 5Ti specimens were oxidation tested by 
Battelle Memorial Institute and Chromalloy Corporation. The initial 
forty specimens were tested in a globar heated muffle furnace at 2700°F. 
at Battelle. The specimens were set on zirconia boats and placed in the 
2700°F. muffle which had prefiously been contaminated with MoO3. An 
air flow of 3. 8 cubic feet per hour was maintained through the muffle. 

' . 

After a two hour period at 2700°F. the specimens were removed 
for inspection, after which they were returned to the furnace for another 
two hour cycle. This procedure was continued until failure, defined as the 
first hole large enough to be visible to the naked eye. Life of a specimen 
was defined to be one 'half cycle less than the period at which failure was 
observed. 

Results of the cyclic oxidation test at 2700~F. are summarized 
in Table l. The maximum and minimum lives of specimens were 21 and 5 
hours (10. 5 _and 2. 5 cycles) respectively. Analysis of the data indicated 
that the test conditions were homogene·ous for the 40 specimens. No car.re­
lation of specimen life with position in the furnace was fl'l.und. 

For oxidation behavior of the individual specimens see Second 
Quarterly Report, January, 1961. 

Excellent reproducibility of the average life was found for the -
series of 35 specimens which originated from the same lot of substrate. 
Figure l shows how the average life varied with the number 9f specimens 
used to compute the average for the individual series. A sample size of 
10 served well to define the average life for the individual series. In some 
cases, a sample size of 5 gave a good average life, whereas, in other cases, 
it did not. The average life settled down very well when a sample size of 
20 was reached, and the addition of l to 15 addi_tional specimens to the 
average of 20 specimens affected the average. life very little. 

Series 853 lB (8 specimens with new lot of sugstrate) had an 
average life of 6. 8 cycles versus the average life for the other 35 spe~imens 
of 5. 5 cycles. Also, the spread or deviation of the lifetimes was less'.for 
Series 853 IB than for the other series tested, with the exception of. $53 lA, 
vv.hich, because of its smaller size, is considered to be less reliabl~ from 
the standpoint of deviations. 

-4-



, I 
u, 
I 

Series 

- 8521 (10 spls) 

8522 (10 spls) 

85)2 (10 spls) 

8531A (5 spls) 
(-ll,-1),-15,-17,-19) 

8531B (8 spls) 
(-1 through -7,-9) 

8,521 + 8522 (20 spls) 

8532 (10 spls) 
+ 8531 (5 spls) 

Composite (35 spls) 

TABLE 1. OXIDATION LIFETil.iES AND DEVIATIONS FOR INDIVIDUAL SERIES 
OF SProitJ.ENS AND COMBINATIONS OF smIE:S 

Average 
Specimen Life.Ca) 

eycles 
Specimen First ' Second ¥..edian Deviation or a 
Life, Hall Half Specimen Single Point, 
eycles of' . of' Total Life. (b) ~cles 

Min. Max. Series Series Series 2ZCles Av.Cc) Standard{d' 

2.5 a.5 5.5 5.7 5.6 5.6 1.5 2.1 

3.5 10.5 6.5 4.7 5.6 5.) 1.) 1 • .5 

3.5 7.5 5.1 5.7 5.4 5.4 1.1 1.7 

4.5 6.5 5.5 5.5 o.4 1.0 

5.5 8 .. 5 6.8 6.6 o.6 o.a 

2 • .5 10.5 5.6 5 •. 6 ,,._, 1.4 1.8 

3.5 7 • .5 5.4 5.5 0.9 1.4 

2.5 10.5 5.5 5.5 1.1 1.6 

See footnotes on following page 

Deviation of the 
Mean or-Median 

Lif'e, 

Av.Ce) 
~cles 
Standard{?) 

o.47 o.66 

o.42 o.48 

0.35 0.54 

0.18 o.45 

0.23 o.28 

0.32 o.40 

0.23 0.36 

0.35 0.27 



Footnotes to Table 1. 

(a) Computed i'rom Lav. = 2 ½.. 
n 

. (b) Read i'rom normal probability graph at 50 per cent cumulative pro~bility. 

(c) Computed from a = .:E 11 av•-½.· I . 
n 

(d) Read i'rom normal probability graph at 17 per cent and 50 per cent cumulative 
probability. Standard deviation or a single point = c,- • 

(e) Computed i'rom aav. = -=a_. 
iJr1 

(r) Computed from ~ = 
m 

·-6-
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Figures 2 and 3 show the distribution of lifetimes for the 
individuai series and for composited series. 

Table 2 correlates the failures observed with different areas 
of the specimens. For the 44 specimen composite, 45. 5 per cent of the 

. failures were observed on the large flat surfaces (closer to the edge than 
to the middle), and 54. 5 per cent of the failures occurred on the edges: 
A relatively large (72. 7 per cent) number: of the total failures occurred 
near the rounded corners of the specimens. 

The· distribution of the edge failures (bottom section of Table 3) 
indicated that interaction of the zirconia boat with the coating was not the 
cause of th.is type of failure. Considering the distribution of surface · 
failures, Series 8521 and 8532 suggest that interaction occurred, whereas 
Series 8522 and 8531 indicate that interaction did not occur. 

Because visual inspection and probing of the specimens to 
determine failure appeared to allow considerable chance for error in 
ascertaining the exact time when failure occurred, it was desirable to 
weigh the specimens to try to determine lifetimes more exactly. When the 
initial 40 specimens·were tested, a balance was set up in the hope that time 
would b~ available to weigh the specimens during the 1-hour periods out of 
the furnace. However, it was found that the time available permitted only 
the visual. inspection which had bee!:'!. agreed upon. 

2. Chromalloy Tests. 

Thirty-five specimens of W-2 coated Mo-0. 5Ti from the same 
groups as those tested by Battelle were oxi~tion tested by Chromalloy. 
The gas fired tube furnace used in the statistically designed experiment 
was us_ed in this test (Figure 4). 

Specimens were distributed among five tubes in order to provide 
similar conditions for the four sets of specimens. As was done with the 
Battelle tested group, the specimens were subjected to two hour cycles at 
2700°F. After each cycle in the furnace the specimens were weighed and 
when weight losses were found, h()les were probed for. In some cases, 
holes were fognd with very small weight losses. This was usually the case 
when the area where the hole was located looked suspicious. In some cases 
holes could not be found after large weight losses. This could be due to a 
self-healing property of the W-2 coating or a uniform bleeding of molybdenum 
or Mo93 through the surface. 

Results of the Chromalloy test are listed in Table 3. Specimens 
after failure are shown in Figure 5. The cycle at which failure was consid­
ered to have occurred is given. In some cases, the failure cycle was not 
considered to be the cycle at which the specimen was removed from test but 
actually the cycle in which the specimen began to lose weight at an accelera­
ting or constant rate of tep milligrams per cycle or more. (See Section V-A) 
This technique has also been used in the statistically designed experiment. 



-C: 
Q) 

,c., 

~ 
Q) 
a. 

i 
..J 
"O 

~ 
0 -~ 
"O 
.!: 
OI 
C: 
·s; 
0 
:c 
Cl) 
C: 
Q) 

E ·c:; 
Q) 
a. 

Cl), 

0 
~ 

.;8 
E 
:::, 
z 

. ' , 

801---+---+---+---'-l---+----1----+-----,I---..J-----1-----1 

Series 8531 
70 

o Specimens 11, 13, 15, 17, 19 

so • Specimens I, 7, 9 

-----Composite 
501---+---+---+--l---~'---l...+-l-1-+--I---..J---1--~ 

o.,__..___.....__-'--o:;...i..-n~-............ -.l.....lt')-..L...--L-;r},...L.-...J 

0 2 3 4 5 6 7 8 9 .. 10 II 

Total Life, cycles (2 hr at 2700 F) N-77892 

FIGURE Z. 'DISTRIBUTION OF LIFETIMES FOR INDIVIDUAL SERIES OF SPECIMENS 

-9-



-C 
Q) 

50---.------.------.------~-~-+--.------.....----~-.....---~ 

4 0 11---l-------l 
Series 8521 + 8522 

20 specimens 
301----+--+--..----,---,--+--+--+--+--+--------I 

0 50t--+--+--...._ _ _._ _ _._ _ ___,._ _ ___.__--'-_---l-_-----l_------l 
..... 
~ Series 8532+8531:.1.1-,13,15,17,19 
~ 40 1----+---1- 15 specimens 

Q) ..... 
~ 
-0 
Q) -0 
0 

-0 
C 

0, 
C 

> 
0 
I 
1/) 
C 
Q) 

E ·u 
Q) 
a. 

(f) 

0 ... 
Q) 

..0 
E 
::::, 
z 

70t---+--+--+---+---+---+-----+----+----+-----4-_____j 

50 

0 35 specimen composite of above 
• Series 8531-1-7,9 

401----+--+---+----+---+------H-------i-----l-------l-----l 

o L...(_)--I--ZJ~_;;;_..i...._J....L~-.....1...-...1......;...._..1......::.....J~;t-,1,,-o,;:,__,J 

0 . 2 3 4 5 6 7 8 9 10 I I 
Total Life, cycles (2 hr at 2700 F) N-77894 

FIGURE 3. DI~TRIBUTION OF LIFETIMES FOR COMPOSITED SERIES OF SPECIMENS 

-10-



TABLE 2. CORRELATION OF LOCATION OF FAILURES IN W-2 COATED Mo-0.5Ti 

Failures at Indicated IDcation, per cent of specimens in series 
Series 1-4 5 6 7 8 9 10 11 12 5 + 8 6 + 9 7 + 10 5-7 8-12 7-12 

8521 (10 spls) 

8522 (10 spls) 

8532 (10 spls) 

8531A (5 spls)-11,-13,-15, -17, -19 

8531B (9 spls, -1-9) 

Composite (44 spls) 

0 0 

0 40 

o. (j 

0 0 

0 0 

0 9.1 

30 

10 

10 

0 

0 

11.4 

50 0 

20 0 

20 10 

20 0 

11 0 

25. 0 .2.3 

0 

0 

0 

0 

22 

4.5 

10 

10 

20 

40 

11 

15.9 

Per cent of surface area 
Per cent of edge area 

--• ... I·.. .. ........ ___ _ __ ,..,....... n----h 25 . 10 I 30 - I 10 _J__ 25 rl 
33. 5 6.5 20 6.5 33.5 

Contact area with 
stabilized zirconia----------' 
boat 

1 

• 
5 

• 

2 

•• 
6 

• 

3 

• 
4 

• 
7 

• 

12 

0 

20 

30 

40 

34 

22.7 

10 

0 

10 

0 

22 

9.1 

0 

40 

10 

0 

0 

11.4 

30 

10 

10 

0 

22 

15.9 

Per Cent 
of 

60 

30 

40 

60 

22 

40.9 

80 

70 

30 

20 

11 

45.5 

20 

30 

70 

80 

89 

54.5 

70 

50 

90 

100 

100 

79.5 

Surface Per Cent of Surface Failures in Series 

Area 8521 8522 8532 ™ ~ Composite 

Boat contact areas 
Center area 

20 
30 
50 

38 14 33 0 
0 57 0 0 

0 

0 

100 

25 
20 
55 End areas 

Per Cent 
of 

62 29 67 100 

Edge Per Cent of Edge Failures in Series 
Ari;a 8521 8522 8532 8531A 8531B Composite 

Boat contact areas 

11 
Center area 
End areas 

13· 0 0 0 0 
20 0 0 14 0 
67 100 100 86 100 

25 
0 

75 

8 
4 

88 



Table 3. 

Specimen 
Number 

8521-2 
8521-4 
8521-6 
8521-8 
8521-10 
8521-14 
8521-16 
8521-18 
8521-20 
8521-22 

8522-24 
8522-26 
8522-28 
8522-30 
8522-32 
8522-34 
8522-36 
8522-38 
8522-40 

8531-12 
8531-14 
8531-16 
8531-18 
8531-20 
8531-22 

8532-2 
8532-4 
8532-6 
8532-8 
8532-10 
8532-12 
8532-14 
8532-16 
8532-18 
8532-20 

Results 6£ Oxidatiort Testing 35 Specimens 
of W-2 Coated Mo-0.5Ti at 2700°:Jr in 
Chromalloy Tube Furnace 

Two Hour 
Cycles to 
Failure at 

2700F 

11 
3 

. 12 
6 

10 
15 

9 
6 
7 
4 

15 
6 
5 
6 
4ea 
6 
4 

11 
5 

6?l.J 
2e 
6? 
4e 
6? 
3e 

6? 
4 
le 
6? 
6? 
2e 
le 
6? 
le 
4e 

See footnotes on Table 4. 
-12-

Weight Loss 
at Failure, 

Mg 

40.5. 
11.5 
17.5 
15.5 
45.0 
87.5 
90.0 
15.0 
3.5 
0.5 

180.0 
18.5 
15.0 
18.0 
8.5 
6.0 
6.5 

24.0 
12.0 

40.5 
18.0 
95.5 
16.5 
7.0 

11.0 

46.0 
ll.0 

100.0 
31.0 
49.0 
22.0 
high 
10.5 
20.5 
9.0 



Figure 4 . Tube Furnace Used for Oxidation Testing 
Specimens at 2700°F. 
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Figure 5. W-2 Coated Mo-0. 5Ti After Oxidation Testing in 
Chromalloy's Tube Furnace at 2700°F. 
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I .... 
!JI 
I 

Series 

8.521 

8.522 

8.532 

8.5JJ,A 

8,5J1Bd 

8,521 + 8,522 
' ~ --

8.532 + 8.531A 

Composite8 

( a) 
(b) 
(c) 

(d) 

{e) 

TABLE 4. COMPARISON OF BATTELLE AND CHROMALLOY OXIDATION TESTS 
OF 

, 

W-2 COATED Mo-0.,5Ti AT 27000F 

:eATTELLE CHROMALLOY BATTELLE CHROMALLOY 
Specimen Spec-imen Average · Average 

Life, Life, Total· Total 
Cicles C;y:cles Series ·Series 

Min 1 Max 1 . Min 1 MaxL. 

2o.5 8,.5 2 • .5 10 • .5 .5,6 (10 spls) ?.8 (10 spls) 

3,.5 10 • .5 3,.5 14._5 5,6 (10 spls) 6.4 (9.spLs) 

3 • .5 7.5 0,.5 5,.5 So~ (10 spls) JoJ (10 spls) 
'· 

4,5 6o.5 l~.5 5,5 5.5 (,5·spls) 4.o (6 spls) 

.5,.5 a.s ... - 608 (8· spls) -
2,.5 10.5 2 • .5 14,.5 . .506 (20 spls) 7.1 (19 spls) 

3,.5 7 • .5 Oo.5 .5 • .5 .5,4 (15 spls) J • .5 ( 16 spl_s) 

2 • .5 10 • .5 0 0 .5 ,14,.5 .5.5 (J.5 spls) .5,.5 ( 3.5 spls) 

e next to failure cycle denotes edge failure, : 
? next to failure cycle denotes possible edge failure. 
Cycle at which sp,ectmen was· considered t·o have fail~d~ Failure 
cycle is 0,.5 less by definition. · 
Tested by BATTELLE only. Mo:..o ~ .5Ti was from a lot diff·erent from 
that of the other specimens. 
Does not include series 8.5JlB. 



3. Comparison of Battelle and Chromalloy Results 

Table 4 correlates the res.ults obtained by Battelle with those 
obtained by Chromalloy. One-half cycle was deducted from the Chrom­
alloy failure cycles as had been done for the Battelle resuUs. 

It is immediately evident that there is much more scatter in 
the Chromalloy data than there is in the Battelle data. Groups· 8521 and 8522 
of the Chromalloy test have longer lives than the similar Battelle groups 
and groups 8531 and 8532 have noticeably shorter lives than the identical 
Battelle groups. 

;T~e longer lives of Chromalloy groups 8521 and 8522 may easily 
be due to less severe test conditions since the oxidation technique employed 
is very nearly static with air flow through the tubes due only to natural 
convection, whereas Battelle used an air flow of 3. 8 cubic feet per hour. 
Also, Chromalloy specimens were slowly withdrawn from the furnace and 
Battel~e rapidly removed specimens causing more severe thermal shock. 

The reason for the shorter lives of ChromaHoy groups 8531 and 
8532 is easily explainable. Both Battelle and Chromalloy groups 8531 and 
8532 had a much gr~ater perceµtage of edge failures than did groups 8521 
and 8522 (Table 5). However, Battelle did not use weighing as a technique 
fo.r locating ;failures but looked for holes visible to the eye. Chromalloy 
found several edge failures after one or two cycles and had eliminated all 
definite edge failures by the fourth cycle. The first edge failure detected. 
by Batteiie was in the fourth cycle. · 

Table 5. Percentage Edge Failures in Oxidation Test Groups 

Series 

8521 + 8522 · 
8531 -f 8532 

Battelle % 

25 
73 

Chromalloy% 

5 
50-95* 

It appears that weighing is a useful method for detecting failures 
and that edge preparation of specimens is important. 

Based on the results from these preliminary studies, it was 
decided that each retort (representing an experiment) in the statistically 
designed program would contain 20 specimens, of which 1 would be retained 
for metallographic ·studies and the other 19 would be cyclically oxidized at 
2 700°F. It also wa,s decided that weighing of the specimens after· each cycle 

* Some specimens were questionable as t~ whether or not edge failures 
were present. 
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of oxidation would be done to determine more exactly the time at which 
failure occurred. 

IV. EXPERIMENTAL PROGRAM 

A. Statistical Design 

A statistical design was worked out with the benefit of several 
conferences involving both Battelle and Chromalloy personnel. The 
experimental work followed a fractional factorial design (Table 6.) 
which is a 1 / 8 replicate of a complete factorial based on 9 variables at 
2 levels each.* To illustrate the coding (which differs from the refer­
ence), the first test unit requires a material compound which is commer­
cially pure (A1), 325-mesh particle size (B 1L aged 1 month (C 0 ), with 
good mixing (D0 ), substrate with uncontaminated soundness (E1) and 
surface preparation as rolled (Fi), processed for two 12-hour periods 
(G

0
) at 1900°F. (Hi) in a mild steel retort (J

0
). The order in which the 

units are listed has been properly randomized. 

The above choice was based on the following considerations. 
A complete factorial experiment for 9 variables at 2 levels each requires 
512 different test conditions (1 for each of the 512 ways in which 9 c~oices 
can be made from 9 pairs). However, by sacrificing information on 
higher-order interactions, economy can be achieved by running only a 
fraction of all possible test conditions. Thus, the amount of testing can 
be cut from 512 combinations to 64. combinations by sacrificing informa­
tion on 6 of the ·36 first-order (2 factor) interactions and all of the higher­
order interactions. (An interaction is the effect of a variable on the effect 
of another variable or combination of variables.) This results in a 
balanced design with statistical tests of significance for the main effects 
of the 9 variables and for 30 first-order interactions. The choice here to 
limit interaction evaluation was later justified when even the more import­
ant first-order interactions were found to have little, if any, actual effect 
on the properties of the coating. 

Selection of the 64 test conditions depended in part on existing 
knowledge of the r:elative importance of the variables. According to the 
basic design selected, first-order interactions, which are derived from 
the 6 possible pairings of 4 variables, were not measurable. Therefore, 
it was desirable to select the set of 64 test units so that the nonmeasurable 
first-order interactions involved the 4 variables which were least likely to 
interact pairwise. These were considered most likely to be the 4 variables 
having the least individual effects. At the beginning of the program, purity 
(A), age (C), and mixing (D), of the material compounds, and soundness 
(E) of the substrate, were thought to be the 4 variables of least importance. 

* National Bur'eau of Standards, Fractional Factorial Experiment Designs 
for Factors at Two Levels, NBS Applied Math. Series 48, 1957, (U.S. 
Government Printing Office, Washington 25, D. C. ). 
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TABLE 6. EXPERIMENTAL DESIGN FOR W-2 CHROMALLIZING PROCESS 

Material Com~ound Substrate 

(A) Purity (E) Soundneea 
0 - Extremely pure 0 - Contami:nated 
1 - Commercially pure 1 - Unoontam1nated 

(B) Particle size (F) Surface Preparation 
0 - 60 mesh 0 - Etched 
1 -.;. 325 mesh· 1 - As rolled 

(C) Age 
0 - One month old Process 
1 - New 

(D) ~ixi~ (G) Time 
0 - Good O - 12. 12 hr. (2 cyole) 
1 - Poor 1 - 24 bra. 

(H) Temperature 
0 - 1800 F 

·. 1 - 1900 F 
(J) Retort Composition 

0 - Jlild Steel 
1 - llild Steel with Molybdenum 

insert 
Unit A B C D.- E F - G H J Unit A B C D-B F - G H J 

l 1 1 0 0 1 1 0 l 0 33 o· 0 0 0 0 0 0 0 0 
2 0 0 0 1 1 1 l 0 0 34 0 0 l 0 1 0 0 0 1. 
3 1 0 0 l 0 0 1 0 0 35 l· 1 0 0- 1 1 1 1 1 
4 1 1 1 0 0 0 0 0 0 36 1 l 0 1 0 1 0 0 0 
6 1 0 0 0 1 l .1 -0 l 37 0 .1 l 0 1 1 0 0 0 
6 1 1 0 1 0 0 0 1 1 38 1 1 l 1 1 1 1 0 0 
7 1 l l 1 1 1 0 0 1 39 1 1 1 0 0 0 1 0 1 
8 0 1 0 1 1 1 0 1 1 40 0 0 1 1 0 0 0 1 l 
9 0 1 1 1 0 1 0 1 0 41 0 1 0 1 1 0 1 0 1 

10 1 1 1 l 1 0 1 1 1 42 1 0 0 0 1 0 1 1 0 
11 0 0 1 1 0 0 l 1 0 43 1 1 0 0 1 0 1 0 0 
12 l 0 0 l 0 1 1 1. 1 44 1 1 0 1 o_ 1 1 0 1 
13 ·o 0 l 0 l 1 0 1 0 45 0 0 0 0 0 1 1 1 0 
14 0 0 0 1 1 0 0 1 0 46 0 0 0 ·1 1 0 1 1 1 
15 0 1 0 0 0 0 1 1 1 47 1 0 1 0 0 1 0 0 1 
16 0 1 0 1 1 0 0 0 0 48 0 1 1 0 1 0 1 1 0 
17 0 1 0 1 1· 1- l 1 0 49 1 0 0 1 0 0 0 0 1 
18 1 1 1 1 1 0 0 1 0 60 0 1 l 1 0 1 1 1 1 
19 1 0 1 0 0 0 0 1 0 51 0 0 .1 1 0 1 1 0 1 
20 1 0 0 0 1 0 0 1 1 52 1 0 0 1 0 1 0 1 0 
21 0 .1 1 1 0 0 0 0 1 53 0 0 0 0 0 0 1 0 l 
22 0 1 0 0 0 1 1 0 0 64 1 0 1 l 1 0 0 0 0 
23 1 1 1 0 0 1· 1 1 0 55 0 0 0 0 0 1 0 1 1 
24 l 0 l 0 0 0 1 1 1 56 1 0 1 l l 0 1 0 l 
25 0 0 0 l 1 1 0 0 1 57 1 0 l l l l 0 l 1 
26 0 1 0 0 0 0 0 1 0 58 1 1 0 1 0 0 1 1 o. 
27 0 0 1 0 1 0 1 0 0 69 1 o. 1 0 0 l 1 0 0 
28 l 0 1 1 1 1 1 1 0 60 0 1 0 0 0 1 0 0 1 
29 0 0 1 1 0 1 0 0 0 61 0 0 l 0 l 1 1 J. 1 
30 1 1 1 0 0 1 0 l 1 62 0 1 l 0 l 0 0 1 1 
31 0 1 1 0 1 1 1 0 l 63 1 0 0 0 1 1 0 0 0 
32 1 1 0 0 1 0 0 0 1 64 0 1 l 1 0 0 1 0 0 
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Therefore', the experimental program _was designed to sacrifice informa­
tion on pairwise interactions of these variables in order to insure 
-information on interactions involving the other 5 variables. 

B. Definitions of Investigated Variables 

. The nine variables whose influence was investiga~ed on two levels 
were purity. -particle size. age and mixing procedure of pack, soundness 
and surface preparation of work pieces, processing time and temperature. 
and composition of retort. (See Table 6) A more detailed description of 
these variables follows: 

· 1. Purity: The "extremely pure II materials had a m.inimum 
purity of 99. 7'9. the "conunercially pure" m.aterials of 98%0 

Zo Particle Size: The particle sizes of the 1160 mesh" materials 
were in reality --60 ._150 mesh' and the sizes of the 11325 mesh" materials 
were -Z30 mesh. These ranges of :mesh size were used because of the_ 
difficulty and cost of obtaining powders of narrow mesh size ranges. 

The purpose of the inclusion of mesh size as a variable was 
to determine whether or not the coarseness of the particles effects the type 
of coating produced. It is conceivable that coating reaction rates might be 
affected by the surface area of the coating elements and that finer powders 
might produce a greater ce:mentation effect and/ or a smoother coated surface. 

3~ Age: Age of the coating mixture was included as a variable 
since it is possible that upon standing in a poorly closed barrel the compound 
might pick up moisture, the energizer might decompose, or so:me other 
unknown reaction might occur. The "one month old mixtures" were all 5 weeks 
old and were aged in open jars. 

4. Mixing: Since local segregation of coating elements might 
produce a coating of 11on-uniform. com.position and/or thickness, mixing was 
included as a variable. "Poor mixing" is a difficult term. to define. In order 
to reproduce poor mixink in ea'ch preparation in whi~h it was required, a 
standard technique was used. 11Poor mixing" was produced by placing each 
element into a jar (same size jar used each time) in the same order, cover­
ing the jar, and turning it over twelve times. This produced a non-uniform. 
streaky mixture. · 

5. Substrate Soundness*. The two. :materials be~g used were 
both Mo-Oa 5Ti. "_Uncontaminated" material was the normally produced 
commercial_ grade sheet supplied by General Electric Corp. The second 
material was purposely su!face contaminated by elimi_nating processing 
steps that nor.mally prevent contamination by air. It was supplied by 
Universal Cyclops. 

*Fora detailed examination of substrate surface condition see the Third 
Quarterly Progress Report for this program, April, 1961. 
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6. Surface Preparation: Surface preparation is an ~portant 
step in any coating operation. In order that a distinction may be made 
between the quality of coatings produced on a chemically clean surface 
and on the as r01le·d surface, a portion of the specimens was coated after 
washing in acetone to remove greases from the surface, and a second 
group was etched for 1·. 5 minutes in a 1:1 nitric acid-water solution, 
washed, liquid honed, rinsed, and finally also washed with acetone_. 

7. Time: Previous experience has indicated that "double 
processing" is better than processing specimens once for the same total 
time a_t temperature·. Twelve hours at temperature produces most of the 
total coating since rate of coating is not_ linear and decreases with time. 
The total coating produced in one 24 hour process should be the same as 
that produced by two lZ hour processes. However, any cracks or weak 
spots formed in the coating during the first processing may be sealed or 
strengthened by the second one. The effect of simila~ case depth as . 
supplied by one long or two shorter cycles is of interest. A fresh powder 
mixture was used in each processing. 

8. Temperature: The depth of coating produced is a functi0n 
of processing temperature. Most Gf the previous W-Z applications were 
made at 1800°F. and 1900°F., although other temperatures, higher and 
lower, were used. It is also possible that the composition of the coatings 

- are temperature dependent, since the coating process involves chemical 
reactions whose equilibria are functions of temperature. 

9. Retort Composition: The composition of the retort material 
could affect the composition and properties of the W-Z coating. This would 
occur by the transfer of retort elements to the W-Z coating through the 
coating reactions. Such a transfe~ could be harmful, beneficial, or incon­
sequential. Since mild steel would be a cheap retort material, it seemed 
worthwhile investigating as opposed to a more costly inert material as 
molybdenum. 

In -~sure. 6 specimens are being packed ~n a mild steel box. The 
steel boxes are precoated. with W-Z mixture before being used with 
specimens. The steel is attacked by the. W-Z mixture as is evident from 

. the appearance of the cover of the steel box. 
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Figure 6. 
Steel box being packed with specimens. 

C. Coating Preparations 

All 64 sets of specimens were prepared as prescribed in Table 6. 
One furnace was used for all preparations in order to keep heating and 
cooling rates constant. Figures 7 and 8 show typical specimens represent­
ative of the 64 preparationso Clearly visible are marked differences 
between the surface appearances of the preparations. 

Rough, spotty appearances as produced in many preparations, 
may be attributed, in most cases, to poorly mixed powders, coarse powders, 
or surface condition of pieces prior to coating. 
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D. Oxida,tion Test Furnace 

The gas fired tube furnace used by Chromalloy Corporation for 
oxidation testing the 64 sets of specimens has six recrystallized alumina 
tubes. (Figure 4).Five tubes were used for the testing of specimens. The 
sixth tu.be was used exclusively as a sight tube for the "Rayotube" control 
instrument since evolution.of Mo03 from a failed sample in the control 
tube would result in poor temperature control. (The instrument would 
falsely detect a low temperature and thus keep the high :O.am.e on,resulting 
in an excessive temperature.) 

Specimens were placed on· zirconia boats since this material 
apparently does not react with the W-2 coating at 2700°F. Three specun.ens 
from each of two of the 64 sets of specimens prepared we re placed on each 
boat. 

Iri each furnace load of specimens there were six sets of speci­
mens distril;>nted throughout the five tubes as illustrated in Figure 9. This • 
distribution.was used in order that each set of specimens would encounter 
the same tixn.e-temperature pa~ern. 

As was done with earlier specimens, a two hour period in the 
furnace was used. While one group of six sets of specimens was being 
weighed and. examined, a second group was put into the furnace. 

V. RES.UL TS OF OXIDATION TEST EXPERIMENTS 

A. Definition of Failure. 

While weighing was found to be useful for detecting failures, 
no definite failure point could be defined since weight changes did not 
establish any definite pattern. At times failures occurred suddenly with 
sharp weight losses. (Specun.ens 3-17 Table 7 ;,__ ·l Som.etimes failure 
was gradual with very small we.ight losses in each cycle followed either 
by a large final weight, loss (Specun.en 6-7) or_ continued small losses and, 
the final appearance of a yellow oxide on the surface (Specun.en 4-13). It 
was decided that either a large sudden weight loss, (hole m.ust also be 
found by probing with tweezers), extrapol~t:fon •of weight losses, back to 
the point where a specim.en fir st began to lose at least ten m.illigrams 
per, cycle, (Specun.en 1-.14) or the final appearance of an oxide where a 
hole could be found (after many small weight losses) would be the failure 
point. 

B. Numerical Test Results and Analysis 

Data obtain~d from. the oxidation testing of the 64 sets of 
specim.en are presented in Table 8. Lives as long as 38 cycles (76 hours) 
at 2700°F. were obtained. Failures that resulted from. oxidation on 
specimen edges were thought to have particular significance and were 
given identification in Table 8. 
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Uncontam . 

Figure 7. 

.._.) ~ 
Etched ~ 

1 
.. -'.; . 

•.~-.\~~' 
t .• ' ... 

Typical W-2 Coated Mo-O. 5Ti Specimens from 
Experiments One to Thirty-One. 

The first four specimens are uncoated Mo-0. 5Ti 
both in the as-received and etched and liquid 
honed conditions. 
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32 JJ J 

CJ 

Figure 8. 

CJ 

5 
..... ,, 

, ...... -·~ . :.~&~ 

Typical W-2 Coated Mo-0. STi Specimens for 
Experiments Thirty-two to Sixty-four. 
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Figure 9. Temperature and Specimen Distribution in Furnace Tubes 
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2680F 
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2640-2660F 

a. Each boat has 6 specimens mn it, 3 from each of two coating preparations. 
b. This boat has one specimen from each of the six coating preparations in the furnace 
c,. Empty boat .. 
do Empty tube used for temperature c·ontrol only. 
e. Temperature distribution for top row of tubes. 
f. Temperature distribution for bottom row of tubeso, 



Table 7. Weights of Specimen~ After Cycling__ -~t 27000F • 

No. of Cycles * Specimen Number 
6-7 3-17 4-13 1-14 

0 2.. 4815 204125 2.6595 209785 
1 2.4825 2. 4130 2.6605 2.9790 
2 204810 2.4130 2.6605 2.9785 
3 2.4816 2.4126 2.6605 2.9780 
4 2.4805 2. 4110 2.6605 2.9785 
5 2.4810 2.4065 2.6605 2.9775 
6 204805 2.4050 2.6600 2.9775 
7 2.4810 2.3720 2.6600 2.9765 
8 2.4800 2.6600 2.9760 
9 2.4800 2.6600 2.9740 

10 2.4790 2.6595 2.9700 
11 2.4790 2.6595 2.9635 
12 2.4770 2.6590 2.9580 
13 2.4720 2.6580 2. 9405 (failure point) 
14 2.4725 2.6560 2.9040 
15 2.4635 2.6545 
16 2.4565 2.6475 
17 2.3690 2.6450 
18 2.6340 
19 20 6310 
20 2.6260 
21 2.6215 
22 2.6165 

* Two hours at 2700°F. per cycle 
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Table 8: Individual Specimen Test Lives for 64 Experiments 

Unit 1 2 3 4 5 6 

Spec. 

~ 

1 17 17 9 27 10 13 

2 29 23 s. 25 10 11 

3 36 16 10 25 3e** 14 

4 20 7 9 25 4 9 

5 37 9 7 20 6 Se 

6 35 9 10 23 3 15 

7 20 10 11 26· 10 17 

8 38 9 7 23 3e 15 

9 35 10 4 15 3e 17 

11 25 9 13 18 10 16 

12 31 12 11 18 10 13 

13 31 18 13 22 10 14 

14 12e7* 16 10 25 9 8 

15 30 22 11 17 9 10 

16 30 11 8 21 9 13 

17 33 14 8 18 9 14 

18 33 13 6 17 8 9 

19 36 15 4e 17 7 9 

20 15 15 10 8 11 

Total 28.6 13.4 8.7 21.2 7.4 12.9 

* e? denotes possibility of edge failure 

** e denotes edge failure 
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7 8 9 

11 29 16 

16 24 11 

15 28 10 

21 29 15 

10 6e 16 

23 36 18 

20 20 19 

21 30 11 

le 30 11 

17 29 24 

18 24 20 

18 33 13 

13 13e? 9 

6 lle 20 

16 25 '18 

14 20 17 

16 15 17 

18 15 17 

20 25 14 

15.5 25.4 15.6 

10 11 

17 16 

H le 

12 14 

15 14 

16 16 

12 1? 

14 16 

23 18 

12 18 

9 17 

20 12 

18 13 

23 13 

2e 13 

22 15 

2e? 11 

Se? 11 

le 14 

10 18 

13.1 13.4 



Table 8: Individual Specimen Test Lives for 64 Experiments 

Unit 12 13 14 15 16 17 18 19 20 21 22 

Spec. 
='lo. 

1 14 20 21 18 23 4e 21 16 31 18 9 

2 12 22 22 23 29 4e 25 19 33 21 8 

3 13 9e 21 18 27 23 30 17 3e7 20 8 

4 12 14 22 20 26 6e 32 20 20 21 9 

5 14 32 22 20 21 21 36 19 18 17 10 

6 14 28 24 18 22 13 28 20 8 11 12 

7 11 31 15 20 22 19 25 20 22 11 8 

8 12 28 18 21 7e 24 33 ·21 13e7 18 8 

9 11 27 17 15 25 24 29 22 23 18 9 

11 13 27 19 15 23 23 28 lOe 24 13 13 

12 13 27 21 17 18 26 7e 18 3e 21 9 

13 12 18 22 18 13e 23 23 18 4 9 12 

14 20 18 19 27 8e7 31 17 17 21 10 

15 13 20 17 23 9e 19 27 17 19 20 12 

16 8e7 20 18 i.9 28 22 31 20 12 20 9 

17 12 24 23 17 25 18 28 16 20 17 12 

18 14 24 21 17 30 18 30 16 1 17 12 

19 13 23 20 17 20 lle? 27 17 21 15 12 

20 15 35 18 18 4e 2e 26 18 4e 18 9 

Total 12.4 23.6 19.9 18.6 20.9 16.2 27.2 17.9 15.6 17.1 10.1 
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·Table 8: Individual Specimeri--·Test Lives for 64 ·Experiments· 

Unit 23 24 25 26 27 28 29 30 31 

Spec. 
~ 

1 19 .14 9 32 7 25 10 24 6e 

2 11 14 12 35 9 24 6 26 7e 

3 11 12 12 31 9 27 6 22 9e 

4 16 13 10 26 9e 22 Se 18 6e 

5 16 14 12 25 9e 25 8 25 Se 

6 16 14 12 25 10 24 8 12e 8e 

7 16 13 11 29 7 24 8 25 lle 

8 14 13 7 22 10 25 .8 23 15e 

9 16 12 9 23 10 23 8 27 12e 

11 12 13 13 24 10 17 7 22 11 

12 15 13 13 25 10 17 6 26 2e 

13 15. 13 12 24 11 18 7 17 9 

14 15 14 16 19 7e 24 7 25 16, 

15 14 13 15 · 23 10 21 C 8 25 15 

16 13" 14 13 24 11 22 7 17 6e 

17 13 12 18 24 10 19 9 24 11 

18 16 13 9 23 6e 17 9 20 17 

19 15 12 17 17 11 15 9e 21 5 

20 16· 16 17 ' 28 11 15 10 22 15 

Total 14.7 13.2 12.5 25.2 9.3 21.2 7.9 22.2 10.0 
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32 33 

26 7 

26 9 

25 9 

·26 9 

15 9 

16 8 

16 9 

23 8 

. 16 10 

27 8 

26 8 

17 9 

22 9 

22 9 

7e 9 

25 9 

25 10 

19 9 

26 9 

21.3 8.8 



Table 8: Individual Specimen Test Lives for 64 Experiments 

Unit 34 35 36 37 38 . 39 ·40 41 42 43 44 

Spec. 
!:!2.:.._ 

1 21 7e 5 12 4 11 23 1.3 20 lOe 5 ( 

2 20 19 5 10 3 11 23 12 20 20 5 

3 22 18 4 11 4 12 19 Se 18 22 4e 

4 24 18 5 le Be 12 25 11 22 21 5"e 

5 21 6e ,.5 14 4e? 12 23 12 23 21 Se 

6 22 25- 5 16 5 12 23 13 22 9 Se 

7 18 19 3e 17 9e 14 22 14 17 24 8 

8 19 16 4e 18 6 14 18 12 22 17 4 

9 22 26- 5 19 4e 11 18 7 18 23 6 

11 22 17 3e 15 le 14 18 11 23 9 

12 23 17 5 14 5 17 19 14 20 7 

13 21 17 4 16 5 15 17 14 23 7 

14 22 23 14 Be 13 13 17 17 18 4e 

15 13 23 5 18 3e? 13 14 17 15 21 5 

16 24 19 6 19 8e 12 17 17 15 21 5 

17 23 25- 6 15 2e 4 21 le 21 19 7 

18 23 25- 7- 13 5 4 18 11 21 28 le 

19 24 28- 8 11 2e 4 20 15 21 le 

20 23 24- 6e 14 14 10 23 19 20 4e? 

Total 21.4 19.6 5.1 14.0 5.3 11. 3 19.7 12.4 19.5 20.0 5.1 
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Table 8: Individual Specimen Test Lives for 64 Experiments 

Unit 45 46 47 48 49 50 51 52 53 . 54 

Spec. 

~ 

1 9e'l 21 15 20 18 12 2 21 11 26 
/ 

2 12 14e 19 15. 15 14 4 21 12 29 

3 14 lOe 11 18 15 17 4 20 6e 28 

4 11 21 18 18 Se 23 6 22 13 32 

5 14 21 19 18 7e 24 6 24 14 26 

6 13 22 18 18 20 12 6 22 13 29 

7 10 26 19 18 19 24 6 26 10 21 

8 11 21 23 18 - 16 20 5 22 11 19 

9 11 22 11 17 19 21 6 20 10 17 

11 6e 23 9 19 17 27 5 22 17 29 

12 22 I 9 18 16 10 ·5 21 15 23 

13 20 11 18 20 17 5 29 12· 26 

14 11 I 23 17 15 8 15 7 22 17 29 

15 13 10 15 12 7 17 7 22 13 26 

16 13 23 24 18 13 15 7 22 15 27 

17 10 20 Ue 25 13 14 5 17 11 24 

18 10 20 9 19 6e 10 5 14e 15 21 

19 6 15e 11 2e 18 16 5 19 13 .22 

20 11 18 22 10 19 18 8 16 14 28 

Total 10.9 19.6 15.3 14.4 14.4 17.2 5.5 21.2 12.7 25.4 
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Table 8: Individual Specimen Test Lives for 64 Experiments 

Unit 55 56 57 58 59 60 61 62 63 64 
; 

Spec. i 
I 

~ I I 

l t 24 1 9e 6 12 23 23 Se 6 

I 2 22 1 10 9e 6 22 23 22 11 14 

3 26 1 14 9e 8 7e 20 24 15 13 

4 22 l 7 10 7 17 23 28 18 16 

5 21 l 7 11 7 7e 24 24 17 16 

6 20 l 10 9 7 18 18 24 19 18 

7 22 l 12 4e 10 19 16 28 16 18 

8 19 l 8 5 10 18 25 30 14 16 

9 22 1 6 Se 10 11 24 25 16 15 

11 23 l 13 6e 10 22 23 25 19 20 

12 23 l 10 lOe? 5 24 2e 24 15 7 

13 17 l 5 lOe? 8 19 23 22 16 17 

14 23 1 5 4e 9 20 24 27 15 13 

15 19 l 5 Se 9 18 21 26 20 q 

16 22 I l 5 8 9 18 21 16 17 lOe 

17 21 1 9 11 15 20 25 35 18 17 

18 19 l 15 6e 14 20 23 24 20. 20 

19 19 l 6 11 13 20 23 33 15 17 

20 21 l 6 15 12 18 25 24 10 8 

Total 2lo3 l~0 8.5 8.3 9.2 17.4 21~4 25.4 15.7 14.4 
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The first step in the numerical analysis was the computation 
of the arithmetic mean (m), standard deviation ·(s), m-2s, and m-4s 

· from the individual lives for each experiment. Because the practical 
significance of edge failures was not known, these computations were 
carriedcnut both with and without edge-failure qata. The results are 
given in Table 9. 

The primary objective of this. program was to find a coating 
process vmich would.,maximize the average life of the coating and mini• 
mize the variability. However, the experimental results showed that 

I • • 

in most cases these objectives we re incompatible. Coatings that had 
· long life usually.were more variable in·performance than those that ~ad 

a short life. Figure 10. · graphically displays this tendency. Experimental 
conditions that produced long average life were not those that produced the 
most con•sistent results. The arrows in the figure portray the effect of 
edge failures. Generally,excluding edge failures improved tp.e record of 
a particular experiment. The sloping lines in the figure, labeled m-2s • , 
0 etc. are useful for graphically weighting the mean and standard deviation·· 
in the evaluation of various coating processes. The perpendicular distance 
of an experimental point from such a line is the appropriate measure of 
the performance of that experimental coating. 

C. Statistical Tests of Significance 

The results depicted in Figure 10, altho~gh informative, cannot 
be accepted at face value. These are experimental facts, truthfully 
represented, but future performance is what really counts. The coating 
processes represented here are virtually certain to produce different 
results in further trials. Furthermore, only 64 coating processes can be 
compared by looking at Figure 10. This is a small fraction of the number 
of processes for which information is desired. Full use of statistical 
techniques can supply valuable, additional information. Future results 
from similar coatings. can be predicted, not merely for the 64 coating 
processes that were actually included in the experimental program but 
for the entire set of 512 coating processes which can be generated from 
combining in all possible ways the 9 experimental factors at 2 levels each. 
Before proceeding to this type of analysis, the effect of edge failures was 
examined. The central question was whether to include or to exclude edge 
failures in the statistical analysis. Their effect on the conclusions could 
not be completely foreseen. 

The frequency with which edge failures occurred in the 64 
experiments is shown by Table 10. Of the 64 experiments, 25 (39. 0 per 
cent) had no specimens which failed via edges. As a means of deciding 
whether edge failures were objectionable in the analysis, their effect up_on 
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TABLE 9. SUMMARY STATISTICS BY EXPERIMENT NUMBER 

Ed~e Failures Included (a) Edge Failures Excluded (a) 
Experiment m m - 2s m - 4s n m m - 2s m -4, n 

1 28.6 12.5 -3.5 8.0 19 29,5 15.2 0,9 7.2 18 
2 13.4 4.4 -4.7 4,5 19 13.4 4,4 -4,7 4,5 19 
3 8.7 3,3 -2.1 2.7 19 9,0 4.0 -1.1 2.5 18 
4 21.2 13.6 6,0 3.8 18 21.2 13,6 6.0 3,8 18 
5 7,4 1.8 ·3, B 2,8 19 8.3 3,8 -0,6 2.2 16 
6 12.3 5,7 -0,9 3,3 19 12.7 6,9 1.2 2.9 18 
7 15,5 4,5 -6,4 5.5 19 16.3 7.6 -1.0 4,3 18 
8. 23,3 7.0 -9.2 8.1 19 · 25.8 13.8 1,9 6.0 16 
9 15,6 7.6 -0,4 4,0 19 15,6 7.6 -0.4 4,0 19 

10 13,2 -0.8 -14,8 7,0 19 16,0 6,8 -2,3 4,6 15 
I 11 13.2 3,5 -6.1 4,8 19 14,6 10.0 5.3 2,3 17 

U,) 
12 12,6 9,4 6.2 1. 6 18 12,8 10,6 8,3 1,1 17 ~ 

I 13 23,6 ll.O -1,7 6,3 19 24.4 13,7 2,9 5.4 18 
14 19,9 15,l 10,3 2,4 19 19.9 15.1· 10,3 2,4 19 
15 18,6 14,1 9,7 2,2 19 18,6 14,l 9.7 2,2 19 
16 21. 0 5,8 -9,4 7,6 19 24.4 17.4 10.5 3,5 15 
17 16,2 0.3 -15.7 8,0 19 21,0 14.0 7.1 3.5 13 
18 27.2 15.1 3,0 6,1 19 28,3 21.0 13,7 3,7 18 
19 17.9 12.7 7,5 2,6 19 18.4 14,8 11:.1 1.8 18 
20 15.6 -3.7 -23,0 9.6 19 18,2 0,4 17,4 8,9 15 
21 17.2 9,7 2,2 3,7 19 17.2 9,7 2.2 3,7 19 
22 10,l 6.6 3,1 1, 7 19 10,1 6,6 3,1 1.7 19 
23 14,7 10,7 6,7 2.0 19 14.7 10,7 6.7 2,0 19 
24 13,3 11.3 9,3 1.0 19 13,3 11,3 9.3 1.0 19 
25 12,5 6.4 0.3 3,0 19 12.5 6,4 0.3 3,0 19 
26 25.2 16,6 8,0 4,3 19 25.2 16,6 8,0 4,3 19 
27 9,3 6.3 3,2 1.5 19 9,7 7.2 4,6 l,3 15 
28 21,3 13.7 6,l 3,8 19 21,3 13,7 6.1 3.8 19 
29 7.8 . 5,4 3,0 l,2 19 7.8 5,3 2.8 1,3 17' 
30 22.2 14,4 6.6 3.9 19 22.7 16.5 10.3 3,1 18 
31 9,9 1,5 -7.0 4.2 19 12,4 4,2 -4,0 4.1 8 
32 21.3 10,4 -0.6 5.5 19 22.1 13,4 4,7 4.4 18 
33 8,8 7.4 5,9 0,7 .19 8,8 7.4 5.9 0.7 19 
34 21,4 16.2 11,0 2,6 19 21.4 16.2 11.0 2.6 19 
35 19,6 7,8 -4.0 5.9 19 21.1 13,3 5.6 3,9 17 



TABLE 9 • (CONTINUED) 

Ed"e Failures Included Edge Failures Excluded (a) 
Experiment m m - 2s m - 4s n m m - 2s m - 4s n 

36 5,1 2.5 0,0 1. 3 18 5.4 3,2 1.0 1.1 14 
37 14,1 5.8 -2.5 4.1 19 14,8 9.3 3.8 2.8 18 
38 5.3 -0.9 -7.0 3,1 19 5,7 -0,8 -7.3 3.2 9 
39 11.3 4,0 -3.2 3.6 19 11.3 4,0 -3.2 3.6 19 
40 19.7 13.1 6,6 3,3 19 19,7 13.1 6,6 3,3 19 
41 12,4 3.7 -5.1 4.4 19 13,5 7.6 1.7 2.9 17 
42 19.5 14.4 9.4 2.5 16 19.5 14,4 9.4 2.5 16 
43 20.0 10.7 1.3 4.7 17 20,6 12.6 4.5 4,0 16 
44 5.1 1.1 -3.0 2,0 19 6,2 3.1 o.o 1.5 11 
45 10,9 6.2 1,5 2.3 17 11.3 7,3 3.2 2,0 15 

I 46 19,6 10,9 2,2 4,4 19 20,8 14. 0 7.3 3,4 16 
uJ 47 15,3 5.3 -4.7 5.0 19 15.6 5,5 -4.6 5,0 18 
IJ1 
J 48 16.6 7,3 -2.1 4,7 19 17.4 11.2 4,9 3,1 18 

49 14.4 4.6 -5.1 4,9 19 15.8 7,9 0,1 3,9 16 . 
50 17.2 7.3 -2,5 4,9 19 17,2 7.3 -2.5 4,9 19 
51 5,5 2,8 0,1 1.3 19 5.5 2.8 0.1 1,3 19 
52 21.2 14.5 7.8 3,3 19 21.6 15.7 9.8 . 2, 9 18 
53 12,7 7.5 2.2 2.6 19 13.1 8.8 4,6 2,1 18 
54 25,4 17,5 9,5 4.0 19 25.4 17.5 9.5 4,0 19 
55 21.3 17.0 12,8 2.1 19 21.3 17.0 12.8 2,1 19 
56 1.0 1.0 -1.0 0.0 19 1.0 1.0 1.0 o.o 19 
57 8,5 1. 9 -4.7 3.3 18 8.5 1. 9 -4,7 3.3 18 
58 8.3 2.3 -3.6 3,0 19 10,0 4.2 -1.5 2.9 8 
59 9.2 3.7 -1.8 2,8 19 9.2 3.7 -1.8 2.8 19 
60 17,4 7.9 -1.6 4,8 19 18.6 12.1 5.7 3.2 17 
61 21.4 10.9 0,4 5.3 19 22.4 17.6 12.7 2.4 18 
62 25.5 17.1 8,7 4.2 19 25.5 17.1 8.7 4.2 19 
63 15.7 9.2 -2.7 3.3 19 16.2 10.7 5.2 2.7 18 
64 14.4 6.1 -2.1 4.1 19 14,7 6.4 -1.8 4.1 18 

(a) m ,.a arithmetic mean, number of cycles (2 hours per cycle at 2700 F) to failure; 
" standard deviation, number of cycles (2 hours per cycle at 2700 F) to failure; 

n := number of specimens. 
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Table 10. FREQUENCY OF. OCCURRENCE OF EDGE FAILURES. 

. Number of Expe:dments(b) 
Numbe·r of Edge Having Indicate_d Number 
Failures in of Edg:e ·Ea ilures 
Experiment (a) Number Per Cent · · Cumulative · 

Per Cent 

0 ZS 39.0 39.0 
l 19 · 29. 6 68.6 
z 6 9.4 78.0 
3 4 6.2 84.2 
4 5 7.8 92.0 
5 0 0 9Z.O 
6 1 1.6 93.6 
1 0 0 93.6 
8 l 1. 6 95.2 
9 0 0 95.Z 

10 1 1. 6 96.8 
11 z 3.Z 100.0 

(a) Each experiment generall·y had 19 specimens. 

{b) Statistical program had 64 experiments. 
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Experiment 
No. 

17 

44 

38 
38, 58 



the statistical distribution of specimen lives was studied in two ways. 
Histograms constructed on an absolute scale seemed to indicate that 
the form of the statistical distribution of failure times depended on the 
percentage of edge failures. As the form of statistical distribution to 
be expected from th.is kind of data was not known. this histogram study 
did not furnish a basis for deciding whether or not edge failures shouid 
be included in the analysis. 

The second way of examining the influence of edge failures 
was by use of statistical tests of significance. These results suggested 
that the frequency of edge failures was not appreciably affected by most 
of the experimental factors under study. Factor B being the most 
noteworthy exception. This means that it is not likely to matter whether 
or not edge failures are included in the statistical analy1;1is. 

The following criteria were_ used in the statistical analysis: 

Edge Failures Included Edge Failures Excluded 

m m 

m-2s m-Zs 
I 

m-4s m-4s 

s s 

Here, m is the mean specimen life for an experimental group (consisting 
usually of 19 specimens}•_ ands is the standard deviation of specimen 
lives for an experimental group. An interaction analysis was carried out 
for only one criterion (m, edges included}. Only two interactions (AJ and 
FH) among those measurable were significant by ordinary standards. 
Another interaction (EJ} almost reached this level of significance. Tabu­
lated below are the average number of cycles to failure (computed from 
16 experiments per average} for the conditions reflecting these interactions. 

15.0 

17 0 2 13.0 14.8 -15.5 
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It will be seen later that this information helps to support 
the choice of an optimum coating procE:ss~ 

The performance of the experimental factors averaged <;>ver 
the entire experimental program is given in Table 1 lfor all eight 
criteria. The significance of these results is shown in Table 12, 
which summarizes the statistical tests of significance. Economy in 
the analysis could be achieved by assuming that interaction effects in 
general are of little consequence and ignoring them in the subsequent 
analysis. For this reason, it was decided to combine all interaction 
effects with experimental error. · This increased the degrees of freedom 
for experimental error from 18 to 54,. thereby providing _more sensitive 
significance tests for main effects. This procedure was _extended to the 
analyses for all criteria. 

The results shown in Table 11 are depicted graphically in 
Figure 11. Each arrow in this series of charts represents the perform­
ance o_f a particular experimental factor at a particular level averaged 
over 32 experimental groups of specimens. The tails of the two arrows 
in each chart are equally spaced from the point representing the average 
result (m = 15. 5, s = 3. 2) fo~ the entire experiment, edge failures 
included (1186 specimens). 

Similarly, the heads of the two arrows in each chart are 
equally spaced from the point representing the average result (m = 16. 2, 
s = 2. 8) for the entire experiment, edge failures excluded (1077 speci­
mens). ,It is the distance from such a midpoint that represents the effect 
of a factor upon the grand average. Figure 11 is not- only a record of· 
past performance; it is also a prediction of the future performance of 

, each experimental factor. 

Table 13 is a concise summary of the fin4ings in this section. 
It presents the distilled essence of Tables 11 and 12. These re suits will 
be presented in other ways in the next section. 

D. Selection of Optimum Coating Process 

The main justification for statistical analysis was the need for 
an objective method of selecting a coating pro·cess. This method is 
supplied by the analysis of arithmetic" means and statistical tests of 
significance described in the preceding section. Since several standards 
of comparison were used in this analysis, interpretation of the results 
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TABLE 11. AVERAGE PERFORMANCE OF EXPERIMENTAL. FACTORS FOR ENTIRE EXPERIMENT AL PROGRAM 

Experimental m(a) m - 2s(a) m - 4s(a) s(a) 

Factor Level 0 Level 1 Effect Level 0 Level 1 Effect Level 0 Level 1 Effect Level 0 Level 1 Effect 

Edge Failures Included 

A 16.1 14.9 -1. 2 8.4 7.3 -1.1 0.7 -0.3 -0.9 3.3 3.1 -o. 2 
B 14.6 16.4 1. 8 8.3 7.4 -0.9 1. 9 1. 5 -0.4 2.6 4.1 1. 5 
C 15.6 15.5 -0.1 7.6 8.1 0.5 -0.4 0.7 1.1 3.4 3.1 -0.3 
D 16.9 14.2 -2.7 9.3 6.4 -2.9 1.8 -1. 4 -3. 2 3.3 3.2 -0.1 
E 14.0 17.0 3.0 8.1 7.6 -0.5 2.1 -1.8 -3.9 .2.6 4.0 1.4 
F 16.4 14.6 -1.8 8.8 6.9 -1. 9 1. 2 -0.8 -2.0 3.1 3.4 0.3 
G 18.2 12. 9 -.5. 3 9.7 6.0 -3.7 1. 2 -0.8 -2.0 3.7 2.8 -0.9 
H 12.8 18.2 5.4 6.1 9.6 3.5 -0.6 1. 0 1. 6 2.8 3.8 1.0 
J 15.9 15.1 -0.8 8. 5 7. 2 -1.3 1.0 -0.6 -1. 6 3.2 3.2 0.0 

Edge Failures Excluded 

A :i.6. 8 15.6 -1. 2 10.7 9.0 -1. 7 4.5 2.5 -2.0 2.8 2.7 -0.1 
B 15.0 17.4 2.4 9.5 10.2 0.7 3.9 3.1 -0. 8 2.3 3.4 1.1 
C 16.5 15.9 -0.6 10.l 9.6 -0.5 3.7 3.3 -0.4 2.8 2.7 -0.1 
D 17.4 15.0 -2.4 11. 0 8.7 -2.3 4.5 2.5 -2.0 2.8 2.7 -0.l 
E 14.4 18.0 3.6 9.0 10, 7 1. 7 3.7 3.3 -0.4 2.4 3.2 0.8 
F 17.1 15.3 -1. 8 10. 8 8.9 -1. 9 4.5 2. 5 -2.0 2.6 2. 9 0.3 
G 18.8 13.6 -5.2 11.6 8.1 -3.5 4.3 2.6 -1. 7 3.2 2.3 -0.9 
H 13.4 19.0 5.6 7.6 12.1 4.5 1.8 5.2 3.4 ?-5 3.2 0.7 
J 16.5 15.9 -o. 6 10.4 9.2 -1. 2 4.3 2.7 -1. 6 2.8 2.8 0.0 

(a) m = arithmetic mean, number of cycles (2 hours per cycle at 2700 F) to failure; 
s = standard deviation, number of cycles (2 hours per· cycle at 2700 F) to failure. 
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TABLE.12. RESULTS OF STATISTICAL TESTS OF SIGNIFICANCE 

Degrees 
m{a) m - 2s(a) m - 4s(a) s(a) Experimental of 

Factor Freedom Variance Significance Variance Significance Variance Significance Variance Significance 

Edge Failures Included 

A 1 22.33 72 18.38 Ns(b) 14.25 NS 0.0196 NS 
B 1 51. 84 89 11.14 NS 191.13 9'/4' 0.6642 99.6 .. 
C 1 00.23 NS 3.95 NS 20.03 NS 0.0281 NS 
D 1 114.49 98~ 2-=- 137.18 99, 1 .. 159.39 95, 3• 0.0023 NS 
E 1 146.41 99. 2'"' 2. 68 NS 241. 03 98. 5° 0.4761 98. 7• 
F 1 53.66 90? 60,65 92? 67. 65 81 0,0225' NS 
G 1 450.50 >90.9~ 213. 53 99,86-=-o 64.80 80 0.2280 92? 
H 1 473.06 >99.9g- 192. 86 99.S- 37.82 NS 0.3164 96"' 
J 1, 9.92 NS 23.89 73 43. 23 71 0,0000 NS 

Error, 54 19.32 18.94 38.54 o. 0723 

Edge Failures Excluded 

A 1 25.88 75 44.06 89 66.83 87 0.0033 NS 
B 1 88.13 96.4. 8.34 NS 11.73 NS 0.4624 98. ~ 
C 1 5.12 NS 3.29 NS 2.18 NS 0.0056 NS 
D 1 93.36 96. 9• 78.99 .96. 5" 64.40 86 0.0106 NS 
E 1 217.93 99. 87 .. 45.39 89 1. 76 NS 0.2450 94? 
F 1 52.74 89.5 59.87 94? 67.65 87 o. 0203 NS 
G 1 425.91 99.99 ... 188.03 99. 86 .. 46.24 79 0.2970 96.3. 
H 1 518.13 99.99- 325.35 >99.99 ... 178.22 98.5. 0.1936 90. 8? 
J 1 7.36 NS 22.44 74 42. 58 77 0.0000 NS 

Error 54 19.36 16.99 28.67 0.0663 

(a) m := arithmetic mean, number of cycles (2 hours per cycle at 2700 F) to failure; 
s := standard deviation, number of cycles (2 hours per cycle at 2700 F) to failure. 

(b) NS::: definitely not significant statistically. 
? 90 per cent~ statistical significance < 95 per cent • 
• 95 per cent .5 statistical significance < 99 per cent. 
$lo 99 per cent .5 statistical significance < 99. 9 per cent. - 99. 9 per cent ~ statistical significance. 
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Table 13. Preferred Levels of Experimental Factors By 
Decrea~ing Order of Their Statistical Significance. (a) 

m m-2s m-4s s 

Ed~e Failures Included 

H1 (b) G (c) E (d) Bo (c) 
0 0 

G
0

(b) H1 (c) Bo(d) Eo(d) 
E1 (c) D (c) D (d) Ho(d) 
D (d) 

0 0 
F ? (e) Fa G1 ? (e) 

0 0 
F o ? (e) Jo Go Ci 
Bi Ao Jo Fa 
A 0 • Bo H1 A1 
Jo C1 C1 D1 
Co Ea Ao Jo, i 

Edge Fcailures Excluded 

H1 (b) Hi (b) H1 (d) Bo(d) 
Go(b) Go(c) Fo Gi 
Ei (c) Do(d) Ao Eo ? (e) 
D (d) F o? (e) Do Ho ? 

o(d) 
Bi E1 Go Fo 
Fo Ao Jo Di 
Ao Jo Bo C1 
Jo Bi Co A1 
Co Co Eo Jo, i 

(a) s = 
(a) m • 

standard deviation, number of cycles (2 hr. per cycle at 2 700:F) to failure 
arithmetic mean, number of cycles (2 hour per cycle at 2700°F) 
to failure. 

(b) 99. 9 per cent~ statistical significance. 
(c) 99 per cent "'!: statistical significance < 99. 9 per cent. 
(d) 95 per cent --.S: statistical significance < 99. per cento 
(e)? 90 per cent ~ statistical significance ~ 95 per cent 
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requires the exercise of personal judgment. In order to simplify the 
task of surveying the many diverse results, the salient findings are 
summarized in condensed form in Table 11. In this table is shown 
the statistically preferred level * of each experimental factor for each 
of the eight criteria considered. A question mark follows the choice 
of level if that choice is not statistically significant at the 90 per cent 
level of certainty. 

The following general observations can be made. With few 
exceptions, the choice of level is not affected by edge failures. Except 
for F and J, the statistically preferred levels for m and s are different. 
Excluding the criterion of minimum s, the preferred levels of A, D, F_, 
G, H, and J were consistent for each factor. These consistent levels 
are boxed off in Table 11. Neither maximizing m nor minimizing s is 
of sole importance. The quantity m-ks must be maximized, where k. 
is a finite, positive number. The size of k has not been specified but 
values between zero and 4 are of most interest. 

Each experimental factor will now be considered in turn. 
Level O of factor A showed up slightly better than Level 1, but this 
finding is not statistically significant. Inasmuch as Level O is extremely 
pure powder, Level 1 is more economical, and this fact overshadows · 
other considerations. Next consider Factor B, coarseness of powder. 
Table 14 shows that Level 1 (325-mesh powder) is favored for maximizing 
m, but Level O (60-mesh powder) is favored for maximizing m-4s. Level 
0 is also favored (strongly) for minimizing s and was previously found to 
be associated with minimizing edge failures. Therefore this level is 
recommended for B. The analysis indicates no preference in the level of 
C (age of powder). Therefore Level 1 (new powder) or Level O (aged 
powder) may be used as operating convenience dictates. Level O (good 
mixing) is the obvious choice for D. Factor E, soundness of base metal 
performed inconsistently. From a practical standpoint, it seems 
unwarranted to intentionally contaminate commercial Mo-0. 5Ti (Level O) 
before coating it unless a strong reason for doing so exists. Also, 
differences in lives of coated Mo-0. 5Ti appeared in the preliminary · 
experiments. This could be due to differences in degree of surface con­
tamination. It would, therefore, appear wise to minimize such an affect 
in order to get consistent quality. Thus, Level 1 is recommended. Level 0 
for F (surface etching), Level O for G (2 hour cycles). and Level 1 for H 
(1900°F.) were confidently chosen. The analysis of Factor J (retort 
composition) favors Level O (mild steel) over Level 1 (mild steel with 
molybdenum insert) very slightly. No statistical significance is attached 
to this choice, but since Level O is a good choice economically, it is 
recoxnmended. The complete coating process for producing an opti.Inized 

* On the basis of maximum m, m-2s, m-4s, and minimum s. 
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TABLE 14 PREFERRED LEVELS OF EXPERIMENT AL FACTORS 
BASED ON DIFFERENT STATISTICAL CRITERIA(a) 

Experimental 
Factor Failures m m - 2s m - 4s s 

A Included 0? 0? 0? 1? 
Excluded 0? 0? 0? l? 

B Included l? 0? 0 0 
Excluded l l? 0? 0 

C Included 0? l? l? l? 
Excluded 0? 0? 0? l? 

D Included 0 0 0 1? 
Excluded 0 0 0? 1? 

E Included l 0? 0 0 
Excluded l l? 0? 0 

F Included 0 0 0? 0? 
Excluded 0 0 0? ·0? 

G Included 0 0 0? l 
Excluded 0 0 0? l 

H Included 1 l l? 0 
Excluded l l l 0 

J Included 0? 0? 0? ? 
Excluded 0? 0? 0? ? 

(a) m = arithmetic mean, number of cycles (2 hours per cycle at 2700 F) to failure. 
s = standard deviation, number of cycles (2 hours per cycle at 2700 F) to failure. 
? = not statistically significant at the 90 per cent level. 
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W-2 coating on Mo-0. 5Ti, based on maximwn m-ks, statistical signif­
icance, and practical considerations is accordingly the following: 

Factor 

A 

B 

C 

D 

E 

F 

G 

H 

J 

Level 

1 

0 

0, 1 

0 

1 

0 

0 

1 

0 

Condition 

Commercial-purity powder 

-60 + 150 mesh particle size 

New or aged powder 

Good mixing 

Uncontaminated substrate 

Etched and honed substrate 

Dual processing (12 hours, 12 hours) 

1900°F. 

Steel retort 

It is of interest to compare the statistical predictions for 
several selected coating processes with the experimental results 
(Table 15). First are considered the following three coating procedures 
recommended for maximizing m-ks: 

Next are considered the following two coating procedures recommended for 
minimizing s: 



TABLE 15. COMPLETED EXPERIMENTS WITH PREFERRED LEVELS OF 
VARIABLES FOR MAXIMUM (m - ks) AND MINIMUM .~a) 

PERTINENT 

m, cycles(b) s, eye leib l 
Cycle Number in Which 

Level of Indicated Variabie First Failure Occurred 

Experiment D G H E F A B C J Edge Failures: Incl. Exel. Incl. Exel. Edge Surface First Failure 

Consideration of Maximum (m - ks) 

1 0 0 1 1 1 1 1 0 0 28.6 29.5 8.0 7.2 12 15 12 
13 1 1 0 0 1 0 23.6 24.4 6.3 5.4 9 14 9 
19 0 0 1 0 1 0 17.9 18.4 2.6 1.8 10 16 10 
20 1 0 1 0 0 1 15.6 18.2 9.6 8.9 3 1 1 
26 0 0 0 1 0 0 25.2 25.2 4.3 4.3 17 17 
30 0 1 1 1 1 1 22.2 22.7 3.9 3.1 12 17 12" 
55 0 1 0 0 0 1 21.3 21.3 2.1 2.1 17 17 
62 1 0 0 1 1 1 25.5 25.5 4.2 4.2 16 16 -

Average: 22.5 23.2 5.1 4.6 
Statistical Prediction 0 0 1 22.2 22.8 4.4 3.8 

1 0 0 1 1 1 1 1 0 0 28.6 29.5 8.0 7.2 12 15 12 
13 1 0 0 1 0 23.6 24.4 6.3 5.4 9 14 19 
20 0 1 0 0 1 15.6 18.2 9.6 8.9 3 1 1 
62 0 0 1 1 1 25.5 25.5 4.2 4.2 16 16 

Average: 23.3 24.4 7.0 6.4 

20 0 0 1 1 0 1 0 0 1 15.6 18.2 9.6 8.9 3 1 1 
62 0 0 1 1 0 0 1 1 1 25.5 25.5 4.2 4.2 16 16 -

Average: 20.6 21.8 6.9 6.5 
Statistical Prediction 0 0 1 1 0 - - - - 24.6 25.5 5.2 4.1 

Statistical Prediction 0 0 1 1 0 1 0 0 0 23.6 24.3 4.2 3.4 
Statistical Prediction 0 · 0 1 l 0 1 0 1 0 23.5 23.7 3.8 3.2 

Consideration of Minimums 

3 1 1 0 0 0 1 0 0 0 8.7 9.0 2.7 2.5 4 4 4 
51 1 1 0 1 1 5.5 5.5 1.3 1.3 2 2 
53 0 0 0 0 1 12.7 13.1 2.6 2.1 6 10 6 
59 0 1 1 1 0 9.2 9.2 2.8 2.8 5 5 

Average: 9.0 9.2 2.4 2.2 
Statistical Prediction 1 0 1 - 0 7.8 7.8 1.6 1.5 

. Statistical Prediction 1 1 0 0 0 1 0 0 0 7:2 7.5 1.5 1.4 
Statistical Prediction 1 1 0 0 0 1 0 1 0 7.1 6.9 1.4 1.3 

(a) s = standard deviation of a single point in an experiment usually containing 19 specimens. 
m = mean life in an experiment. 

(b) 1 cycle signifies 2 hours at 2700 F. 
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In each of the above cases, the factors are_shown in order of their 
importance from left to right. Table 15 lists the completed experi­
ments which we re run with the preferred levels of the pertinent 
variables. The following points should be noted: 

1. The statistically preferred variable levels to give 
minimUin s also give a small m, and s is not sufficiently small to 
make (m-ks)min. s > (m-ks)max. m• Consequently the levels to 
use for achieving an optimized coating are those specified for maxi­
mizing m-ks. 

2. Eight experiments have been run at the preferred levels. 
of the major variables (D, G, H) for maximum m-ks. It appears that 
Experiment 20, having a low m and a high s, was controlled ·by factors 
extraneous to the statistical program which was conducted. 

3. Excluding Experiment 20 from consideration, 7 experi= 
ments (133 specimens) indicate that a specimen life of 8 cycles (16 hours) 
at 2 700°F. can be specified with a reasonable degree of confidence, based 
on controlling the major variables, D, G, and H, at the preferred levels. 

E. Tolerance Limits 

Data summarized by use of only the arithmetic mean and 
standard deviation furnish a good idea of the magnitude and fluctuation 
of the measurements and is adequate for many purposes. Usually n~eded, 
however, is the percentage of measurements between two limits, or the 
limit above which lie a certain percentage of the measurements. This 
type of information cannot be derived from the mean and standard deviation 
alone. The statistical distribution of the 'individual measurements must be 
completely specified. Such information may be derived from experience, 
from theoretical considerations, or from a distribution study of current 
data. In the present case, theory suggests the normal and extreme-value 
distributions as likely candidates to describe the life data of individual 
metal tabs. 

Tabulated below are fractiles, corresponding to several 
integral values of kin the expression m-ks, derived from a plot of. actual 
points and extreme value and normal distribution curves on probability 
graph paper. Each fractile represents the percentage of specimens 
failing before time m-ks. This tabulation demonstrates that the 
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k 
Statistical 
Distribution 1 2 3 4 5 

Normal 15. 9 2.28 0.14 0.003 0.00005 

Actual 16.8 4.00 0.59 0.080 0.00020 

Extreme value 14.4 4.23 1. 19 0.333 0.09130 

distributions under comparison differ most in the tails. It is usually 
more practical to have such tables in a form showing k as a function 
of the fractile. This is done in the tabulation below, which lists values 
of k corresponding to three fractiles for each of the three distributions. 

Statistical Fractile, per cent 

Distribution o. 1 1.0 5.0 

Normal 3.09 2.33 1. (?5 

Actual 3.88 2.70 1. 87 

Extreme value 4.94 3.14 1.87 

It is desirable to predict failure time in such a way that at 
least a given percentage of future observations can be expected to lie 
above a computed fractile with a specified degree of certainty. The 
computed fractile is called a "tolerance limit" and the degree of certainty 
is referred to as the "confidence coefficient. 11 When the mean and stand­
ard deviation of the statistical population are unknown, as in the present 
case, the tolerance limit must be computed on the basis of the sample 
estimate m of the mean and the estimate s of the standard deviation. A 
lower tolerance limit is given by m-ks, where the factor k accounts for 
the experimental errors in m and s as well as for the population fractile. 
Values of k corresponding to various population fractiles, confidence 
coefficients, and sample sizes are given in a table by Owen.* However, 
this table is limited to the normal distribution. Including in the calcula­
tion the entire ·experiment of 1186 specimens, while ke.eping the assump­
tion of an extreme-value distribution and including specimens with edge 
failures, leads to the following lower tolerance limits corresponding to 
a confidence coefficient of 99. 9 per cent. 

* Owen, D. B., Tables of Factors for One-Sided Tolerance Limits for 
a Normal Distribution, Sandia Corporation Monograph under AEC 
Contract AT-(29-1)-789 (April, 1958). 
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Proportion (per cent) of population above limit 

Lower tolerance limit (no. of cycles to failure) 

99.9 

2.1 

99.0 95.0 

15.4 

There is less than one chance in a thousand of being misled by accepting 
the tolerance limits produced by these calculations, provided the 
assumptions are right. 

The preceding results are intended to be conservative. A 
lower tolerance limit is designed to underestimate the population 
percentage point to provide a margin of safety. H no margin of safety 
is wanted, but only a "be·st guess II on a population fractile, then the 
quantity m-ks should be used, where k is the quantity tabulated earlier 
in this section. Proceeding on this basis, and using k-values corresponding 
to the actual experimental results for all 1186 specimens (including those 
with edge failures), leads to the following expected fractiles. 

Proportion (per cent) of population above limit 

Expected fractile (no. of cycles to failure) 8. 0 

99.0 

12. 7 

95.0 

16. O 

/An attitude of extreme optunism could motivate the calculation 
of even higher estimates. Assuming a normal distribution of failure 
times and excluding specimens with edge failures leads to the following 
expected fractiles. 

Proportion (per cent) of population above fractile 99. 9 

Expected fractile (no. of cycles to failure) 

99.0 

16.3 

95.0 

18.6 

These figures may be regarded as predictions of future achievements, 
after the reasons for edge failures are learned and failures of this type· 
are eliminated. 

Other assumptions lead to other estimates. Tabulated below 
for easy comparison are t~lerance limits in units of cycles to failure, 
corresponding to a confidence coefficient of 99. 9 per cent, which rep­
re sent various sets of assumptions. 
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Proportion (per cent) of Proportion (per cent) of 
population above limit, population above limit, 
including edge failures excluding edge failures 

Statistical 
Distribution 99.9 99.0 95.0 99.9 99.0 95.0 

Extreme value 2. 1 9.8 15.4 6.4 12.7 17.3 

Actual 6. 7 10.9 15o3 llo 7 15;4 17.8 

Normal 10. 1 13. 4 16.3 13. 0 15.7 18.1 

A similar tabulation of expected fractiles*, representing the same sets of 
assumptions, is given below • 

Proportion (per cent) of 
population above fractile, 
including edge failures 

Statistical 
Distribution 99.9 990 0 ,95. O 

Extreme value 3.7 10 .. 9 16. 0 

Actual 8.0 12. 7 16. 0 

Normal 11. l 14.2 16. 9 

Proportion (per cent) of 
population above fractile, 
excluding edge failures 

99.9 

7.7 

12.6 

13.8 

99.0 

13.6 

16.0 

16.3 

95.0 

17.8 

18.3 

18.6 

Clearly, the assumptions strongly influence the predictions of future 
performance. 

* Computed from the aritlllnetic mean and standard deviation predicted 
for A 1, B O , C O , l• DO , E1, F O , G 0 , H1, J O , where ·cO , 1 is the average 
of C

0 
and c 1 • Including edge failures, this prediction (based on 1186 

specimens) is m = 23. 5, s .. 4. 0 cycles to failure; excluding edge failures, 
this prediction {based on 1077 specimens) is m = 24. 0, s "' 3. 3 cycles to 
failure. 
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F. Preparation and Testing of Optimized Coating 

In order to test the performance predictions for the optim­
ized coatings, five sets of specimens were separately produced under 
the prescribed conditions. Figure 12 is a photograph of specimens 
from each of the five runs which shows the uniform appearance of the 
as-coated specimens. 

The specimens were oxidation tested in the Chromalloy tube 
furnace at 2 700°F. The first failure (an edge failure) occurred after 
7 cycles (14 hours) at 2700°F. According to earlier predictions 
(assuming the extreme value type distribution is applicable), only one 
specimen in one hundred should fail before 9. 8 cycles. Since this first 
failure was only one in forty-five specimens, it cannot be concluded 
that the prediction would not be fulfilled. Also, edge failures are found 
to be random and could occur even earlier. What is needed here is 
more uniform quality of edge preparation. 

The mean lives and standard deviations obtained are presented 
in Table 16. 

Table 16. Mean Lives, m and Standard Deviations, s in 
2 Hour Cycles at 2700°F for Optimized W-2. 

Coatings 

Edge Failures, 
Experiment No. In or Out m s 

8690 In 18.6 3.7 
Out 20.0 2.7 

8692 In 29.7 2. l 
Out 29.7 2. l 

8693 In 19.7 4.7 
Out 23.7 3.1 

8696 In 24.8 3.4 
Out 25.6 2.9 

8701 In 14.8 l. 4 
Out 14.8 1.4 

Average for In 21. l 3. l 
five runs Out 23.8 2.4 

There is considerable spread in the life data for the five 
preparations tested, as is evident from Table 16. However, it seems 
certain that a life of fron 29 to 60 hours at 2700°F. can be guaranteed 
with a minimum life of 11. 6 hours at a 99. 9 tolerance limit and 99. 9 
confidence coefficient. 
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8692 8693 

Figure 12.. Appearance of 5 Optimized Coatings. 
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G. Discussion 

. Since the factors in the W-2 coating process which were 
primarily responsible for increasing the coating life in cyclic oxida­
tion at 2700°F. also tended to reduce the reliability of the coating 
life, t-he quantity to be considered in optimization of the process is 
(m-ks, where mis the mean life of the coating, s is the standard 
deviation of the mean life, and k is a constant which depends on the 
statistical distribution which the life data follow and the degree of 
reliability desired. This factor is important since neither maximmn 
coating life nor maximum reliability alone is of much practical useful­
ness. 

" Using the (in-ks) criterion, the major coating process 
variables, were found to be time and temperature of processing and 
mixing of the powders used in the process. The variables of secondary 
importance were soundness of substrate and surface preparation. 
Minor importance was attached to the variables purity, particle size 
and age of the powder and retort composition. 

: Of the thirty measurable interactions, only two were found 
to be statistically significant. Consideration of tlie ~in effects of the 
variables· indicated, however, that the interaction effects were of little 
pracdcal importance. 

Only particle size of the powder was found to be related to 
frequency of edge failures. The data indicates that the coarse powder 
(-60 + 150 mesh) was preferable for reducing edge failure occurrence. 
In general, identification of major process variables and their preferred 
levels for optimization were unaffected by the inclusion or exclusion 
of edge failures in the analysis. 

,. ·Data for coating life in cyclic oxidation at 2700°F. followed 
a statistical distribution which was between the normal and extreme­
value types. Excluding edge failures favored the normal distribution 
type, inclusion of edge failures favored the extreme-value type. 

The type of distribution assumed by the data is important 
because reliability is strongly associated with the type of distribution 
followed. If a normal distribution was indicated by the data, greater 
reliability could be predicted •. Since removal of edge failure data 
resulted in a more nearly normal distribution, it is evident that eli.znination. 
of edge failures would increase coating reliability. This could be.done by 
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impro~ng edge -preparation.quality or, where feasible, keeping edges 
out of heat encountering zones. 

Production of an optimized W-Z coating on Mo-0. 5Ti should 
be carried out by using either a new or aged pack of commercial purity 
powder of -60-, + 150 particle· size. The powder should be well mixed. 
The Mo-0. 5Ti to be coated should present a uniform quality uncontam­
inated surface. Th.is ma·terial would be etched and honed. The work 
pieces.should be "double processed" (Z times for 12 hours) at 1900°F. 
in a steel retort. 

Statistical predictions for this coating indicate an average 
life of _Z3. 5 cycles (47 hours) at Z700°F. and a standard deviation of 
4. 0 cycles, (8 hours) at Z700°F. under the experimentally used condi'tions. 
With a ;confidence coefficient (certainty) of 99. 9 per cent, 99. 9, 99. 0 and 
95. 0 per cent-of the optimized coating lives should fall above z. 1, 9. 8 

0 . \ 
and 15.i4 two hour cycles at Z700 F. · 

.. ' Cyclic oxidation tests on ,five groups of optimized coatings 
were conducted. One of the forty-five specimens failed on the edge 
before ·the predicted 9. 8 cycles. However, on so small a sample it 
cannot :be stated that the prediction was not fulfilled. 

9ne of the five optimized groups prepared and tested apparently 
did not fulfill the predictions. This group had an average life of 14. 8 
cycles, -..yell below the lives of the other four groups. Reasons for this 
discrepancy are not apparent at this time. It is, suspected, however, 
that th¢re may have been some dev_iation from optimum conditions in 
preparing this coating. It is, however, certain that an average life of 
Z9 to 60 hours at Z 700°F. can be expected under the oxidizing conditions 
of this ·program. 

VI. yha.racterization and Analysis of the 
W-Z Coating on Mo-0. 5Ti 

A. Procedure 

. , . At the beginning of the projec.t it was planned that Battelle 
would do detailed identification, characterization, and evaluation studies 
on the optimized W-Z coating which would eme'rge from Chromalloy 1s 
program. As the program progressed, it beca.m:e obvious that time 
limitations would not permit the carrying out of these studies on the final 
optimized coating. Therefore, it was _decided that these studies should 
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be done on the specimens which wer.e used by Battelle early in the 
program to aid in designing the experimental program. Because 
these specimens had the double-cycle processing (12 hours per cycle) 
at 1900°F. which subsequently was recommended from the statistical 
program, and because the pack and substrate compositions remained 
fixed for. the program, the c~racterization and chemical analysis 
results obtained should be ~lose to those which would have been obtained 
for the optimized conditions discussed earlier in this report. 

B. Microscopic Study of Nature and Behavior 
of the W -2 Coating 

1. Coating Zones 

As prepared W-2 coated specimens had the same general. ap­
pearance •. Ordinary and polarized light revealed two differently textured 
zones with the outer zone occupying about fifteen per cent of the total 
coating thickness of 3. 6 mils (Figures 13 and 14). This difference in 
texture could be the result of the double process ,used to c9at the speci­
·mens. 

Apparently, the. coating texture was homogenized by recrystall­
ization or grain growth during exposure to air at 2 700°F. since the 
different texture was no longer observed in specimens exposed to these 
conditions for six hours. No specimens tested for shorter periods were 
available for study. 

·Based on appearance under polarized light, and election probe 
results (to be presented later), Zone A (Figure 15) appears to be. remnant 
of the original coating remaining after oxidatiQn. 

The total coating thickness grows with exposure time at 2700°F., 
with Zone B increasing in depth, Zone A decreasing and Zone C and the 
oxide layer remaining constant (Table 17 an_d Figures 13, 15, 16). 

2. Etching Characteristics 

The procedure used for etching W-2 coated Mo-0. ·sTi specimens 
was as follows: 

(1) Swab with 30:10:5--lactic:nitric:hydrofluoric acid by 
volume. The nitric acid content of tJ;iis etchant is 
critical; occasionally it has peen responsible for 
etching out the narrow zone· (Zone ,C) next to the Mo-0. 5Ti 
substrate as well as overetching the substrate. 
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(2) Swab with Murakami 1s solu,tion. 

The as-prepared W-2 coating etched at a slower rate 
than the W-2 coating on specimens which had been oxidized. Zones A 
and B in oxidized specimens appeared to etch uniformly. Zone C next 
to the Mo-0. 5Ti substrate was attacked rapidly by the Murakami 
etchant. 

3. Thickness of Coating Zones and Substrate 
Versus Oxidation Time at 2 700°F. 

Table 1 7 gives the average thickness measurements made 
on Zones A and B on both the flat sides of each coated specimen and 
the substrate thickness. Figure 17 shows their variation with oxidation 
time. 

Appreciable scatter is evident in some of the data, particularly 
those for Zone A for the 8531 series of specimens and the 8521 series 
after about 9 cycles (18 hours) at 2700°F. Measurements made on the 
edges show considerably more variation than those made on the flat 
portions of the tab specimens. Within a single as-coated specimen the 
substrate thickness was found to vary as much as 1. 5 mils, and the 
difference between the maximum and minimum average substrate thick­
ness for the four as-coated specimens was 2 mils. 

Figure 1 7 shows: 

(1) The thickness of the coated system (coating + substrate) 
remained approximately constant or increased slightly as oxidation time 
was increased. 

(2) · Substrate thickness decreased as oxidation time 
increased. After 22 hours of oxidation at 2700°F., the substrate thick­
ness had decreased by 2. 5 to 4. 5 mils. During this same time the total 
coating thickness (oxide t- A t B 4- C) increased by 4 mils. 

(3) Zone B increased at the expense of Zone A and the 
substrate v~a inter diffusion with increasing oxidation time. 

(4) The data for specimens 8531 - 4, 5, 6 and 9 (represented 
in Figure 1 7 by squares), which came from a different lot of Mo-0. 5Ti 
substrate, agreed well with those for the other specimens except for 
Zone A. The data suggest that the original coating on specimens 8531-1 
through 9 wa_s about 1 mil less in thickness than the coating on the other 
specimens. 
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Figure 13. 

Figure 14. 

- .... - --- ____.;.,_.-

Mo-0. 5Ti As coated with W - 2 
250 X 

Mo- 0. 5Ti As coated with W-2 
Under Polarized Light 

250X 
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Figure 15. After 10 hours at 2700°F. 
Mag. 250 X 

Figure 16. After 22 hours at 2700°F. 
Mag. 250 X 
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' TABLE 17, AVERAGE lHICKNESS OF COATING AND SUBS1RATE ON W-2 COATED Mo-0.5Ti TAB SPECIMENS 

·. ) 

Specimen ( Tot~l Number of 
2-Hr Oxidizing Coating Thicknesses Measured on Flat Substrate Coating+ Substrate) 

Specimen Cycles Sides of seecimens2 milsLside Thickness, Thickness, 
No. at 2700 F Oxide A B C A+ B mils mils 

8521-21 As-Coated - 3.5 3.5 34.1 41.l 
8522-43 Ditto 3.7 3.7 33.6 41.0 
8531-21 It 3.6 - 3.6 32.6 39.8 
8532-23 II 3.4 3.4 32.l 38.9 

8521-11 3 0.1-0.3 2.3 2.3 0.01-0.10* 4.6 30.7 40.5 
-5 4 II 2._5 2.8 II . 5.3 29.9 41;1 
-3 5 II 2.1 3.2 

,. 
5.3 30.5 41.7 

I -17 6 II 2.2 3.6. II 5.8 29.7 41.9 0-S "-
0 -9 7 II 2.6 3.8 u 6.4 31.0 44~4 I 

-13 8 II 1 .9 3.8 II 5.7 29.2 41.2 
-1 9 II 2.4 4.4 II 6.8 29.7 43.9 

8522-23 11 II 0.9 4.8 II 5.7 28.4 40.4 

8531-5 6 II 1.0 3.6 II 4.6 31.0 40.8 
... 9 7 II 1.2 3.8 II 5.0 31.0 41.6 
... 6 8 II 1.0 4.2 II 5.2 29.4 40.4 
-4 9 II 0.6 4.8 II 5.4 29.4 40.8 

* Zone C protruded into Zone B with pips measuring as high as 1.3 mils and as wide as o.a mil. 
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4. Hardness of Coated SysteO}s 

Hardness traverses were znade on the coatings and substrates 
of the as-coated and oxidized specimens. Traverses were made in the 
substrate under crack-free coating and where cracks existed in. the 
coating. 

No systematic variation of hardness with· distance was 

•,·, 

observed for- the coating or substrate in_ the ·as-coated condition. Except·: 
for three specimens, no systematic variation of hardness was found with 
distance in the oxidized specimens. Table 18 gives the extreme and 
average hardnesses obtained from the traverses, and Table 19 and figure 
18 give the data for the three specimens wh~ch showed hardness variation 
in the. substrate under coating cracks •. This Variation probably was caused 
by a contamination reaction; the micro structures appeared normal in the . 
areas of hardening. 

The grand average·hardness of Zone A in the as-coated condition 
was 1825 KHN; this dropped after t-hree cycles (6 hours) of oxidation at 
2700°F. to 1095 KHN, after which it reznained constant (grand average 
hardness of Zone A for oxidized samples was 1080 KHN). Zone B was 
harder than Zone A (grand average of 1550 versus 1080 KHN). 

As shown in Figure 18'., the substrate hardness dropped from 
375 KHN initial to about 235 KHN due to recrystallization within the first 
three cycles (6 hours) of oxidation, after which a small and constant rate 
of decrease occurred with increasing oxidation time. 

5. Coating Cracks 

Location and Geometry. The ·nat ::;ides of the as-coated specimens 
had fairly regularly spaced hairli11:e cracks which were perpendicular to 
the plane of the substrate and which measured<;O. 03-0. l mil in width. 
Numerous larger cracks of varying geometry also were found; the maximum 
width of these cracks varied from 0.1 to O. 6 mil. Most of the cracks 
appeared to extend to the substrate of the as-coated specimens. 

The edges of the as-coated specimens had hairline cracks and 
rather wide (on the outside) V-shaped cracks. · 

Cyclically oxidized specimens had wid~ cracks in Zone A, but 
these cracks narrowed into hairline cracks in Zone B, and frequently they 
terminated in Zone B or Zone C. 

Crack Width. The width of 20 consecutive ·cracks, measured on_ 
the fl.at side of as-coated specimen 8521-21, was as follows: 
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TABIE 18,, KNOOP !IARDN-r.:ss OF COATING ZONES AND SUBSTRATE IN W-2 CO.A.TED Mo-0.,5Ti 

Knoo12 Hardness Number 1 100-g load 

No. of 2-Hr 
Zone B(a) 

Under Under 
Specimen Qxidizing Cycles -Zone A taJ Crack-Free Coatinr Coating Cracks 

No. at 2700 F Max. Min. Av. (b) Max. Min. Av. (b) Max, Min. Av. (b Max. Min. Av. (b) 

8,521-21 As-coated 1895 1560 1725 415 345 385 --
8522-43 As-coated. 2010 1670 1895 435 30.5 360 
8.531-21 As.,;.coated 2010 1470 1845 455 3.55 390 
8,5J2-4; '~s-coated 2010 1670 1850 J90 JJ.5 3.55 

8,521-11 J 131.5 790 1095 1670 1010 1455 26,5 20.5 240 310 21.5 2.50 
8.521.:...5 4 1245 60.5 940 131.5 1040 120,5 26.5 240 2.50 240 20.5 22.5 
8,521-J 4 14J.5 1010 1230 1390 920 1180 27.5 220 240. 280 220 240 
8.521-17 6 13.5.5 1040 120.5 161.5 131.5 1,510 240 20.5 22.5 27.5 195 235 

I 8,521-9 7 1390 96.5 1180 210.5 1775 1960 2.55 210 230 280 20.5 23.5 a, 
w 8521-13 8 1275 965 1145 210.5 1670 1820 2.55 210 230 (34.5 210 2.5o)(c) 
I 

325) (c~ 8,521-1 9 1275 840 102.5 19.50 13.55 171.5 23.5 200 220 (425 21.5 

8,522-23 11 143.5 112,5 1290 1830 1435 1645 285 215 240 (353 225 285) (c) 

8,531-.5 6 13.55 640 1000 1,560 1010 126,5 · 26,5 20.5 230 24,5 210 225 
8531-9 7 11,50 790 98.5 177.5 1125 1.54.5 270 21.5 240 2,50 205 230 
8.531-8 8 131.5 .5J.5 1000 1775 1390 1610 22,5 215 220 240 20,5 225 
8531-4 9 1040 500 850 1950 1,520 1670 27.5 210 230 235 210 22.5 

(a) See Table 2 for sketch of zonal structure. 

(b) Averages computed on following data: Area. Noo of Readings Method of Readings 

Zo~e A, as-coated 5 Traverse 
Zone A, oxidized 6 Random 
Zone B .5-11 Traverse 
Substrate 6 Traverse 

(c) Traverse showed hardness variation with distance. See Table 6 for traverses. Recrystallization 
appeared to be same in areas of relatively high hardness as in°areas of low· hardness. 



TABIE 19. KNOOP HARDNESS TRAVERSES FOR 
THREE OXIDIZED'W'-2 COATED Mo-0.5Ti 
SPECIMENS \filICH SHQ1,IJED HARDENING IN 
SUBSTRATE UNDER CRACK IN CO.A.TING 

Distance Knoop Hardness Number, 
from Edge of 100-g load 
Substrate Specimen No.: 8521-13 8521-1 8522-23 

cm x10J mils Cxidation Cycles: 8 9 11 

2 o.8 343 423 353 

5.5 2.2 295 363 353 

9 3.5 225 J74 302 

16 6.3 241 347 269 

23 9.1 222 295 244 

30 11.8 222 250 227 

37 14.6 (Center of Substrate) 210 215 236 
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<0. 03, <:_0. 03, (0. 03, O. 03, 
o. 06, o. 03, < o. 03, · < o. 03, 

0.03, ~o.o3,t.0.03, 0.03, 0.06, ,o.o3. 
(.0. 03, 0. 03, ~0. 03, 0. l, < 0. 03, 0. 3 mil. 

Twenty-two of the larger cracks of variable geometry were 
found in the 2-inch perimeter of flat side on specimen 8521-211 maximum 
width measured for these cracks was as follows: 0. 29, d. 36, 0.16, 0.19, 
o. 10, o. 29, o. 13, o. 26, o. 29, o. 36, o. 10. o. 30, o. 36, o. 39, o. 13, o. 10, 
0. 64, 0. 19, 0. 64, 0. 30, 0 0 39, 0. 10 mil. As-coated specimens 8522-43, 
8531-21, and 8532-23 had 29, 20, and 24 of these cracks, respectively. 

Table 20 contains data on crack widths found in specimens 
cyclically oxidized for various lengths of time at 2 700°F. Figure 20 
shows that the average crack width of both Zones A and B increased 
linearly with cyclic oxidation time, with the crack width of Zone A being 
a stronger function of time. 

6. Crack Frequency 

Tables 21 and 22 and Figure 21 sununarize the information 
obtained on crack frequency of the flat sides and edges in Zone A of the 
as-coated and oxidized W-2 coated Mo-0. 5Ti tabs and in Zone B of oxidized 
specime~s. 

The edge and flat-side crack frequencies in both Zones A and B 
appear to decrease slightly with increasing oxidation time. 

The ratio of edge frequency to flat-side frequency for Zone A 
was between about 2 and 4, with no specific trend being noticeable with 
oxidation time due to scatter in the data. This ratio of frequencies for 
Zone B appeared to decrease slightly with increasing oxidation time. 
This could be due to self-healing properties in the W-2 coating. The 
ratio was significantly lower for Zone B than for Zone A. 

Zone B, in general, had fewer cracks than did Zone A. On the 
edges, the difference in frequencies between the two. zones was appreciable 
(Tables 2:1 and 2.2). 

C. Chemical Analysis and Distribution of the W-2 Coating 

The W-2 coating was analyzed as coated, and after oxidation 
for 10 hours and 22 hours at 2700°F. Analysis was done by spectrograph, 
X-ray diffraction., and electron probe. 

Spectrographic amalysis revealed molybdenum and silicon as the 
main constituents of the W-2 coating. 
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TABIE 20. WIDTH OF CRACKS IN COATING ON OXIDIZED W-2 COATED Mo-0.5Ti(a) 

No. of 2-Hr c,:-ac'k Width in Zone A1 {b) mils Crack Width in Zone B,ibJ mils 
Specimen Oxidizing Cycles Max.-Min. Max.-Min. 

No, at 2700 F MaX. Min. Difference Av. Max. Min. Difference Av. 

8521-21 As-coated(c) 0.30 <0.03 ,.._,0.3 · .-v0.04 
8521-11 3 1.28 0.03 1.25 o.4o 0.,38 0.03 0.35 0.17 
8521-5 4 1.82 0.06 lo76 o.45 0.32 0.06 0.26 0.13 
8521-3 5 1.34 0.10 1.24 0.57 Oo42 0.06 0.36 0.15 
8521-17 6 3.58 0.29 3.29 Oo96 0 .. 58 Oo06 0.52 0.19 
8521-9 7 1.28 0.32 0.96 0.76 1.02 0.06 0.96 .0.20 
8521-13 8 1.22 0.35 o.87 0.75 0.96 0.06 0.90 0.2s 
8521-1 9 2.40 ·0.35 2.05 1.00. 1.31 0.06 1.25 0.,34 

8522-23 11 1.92 o.64 1.28 1.21 Oo35 0 .. 06 0.29 0.16 

I 8531-5 6 1.76 0.,35 1.,41 o.84 o.64 0.03 0.61 0.13 
"' 00 8531-9 7 1.42 Oa32 1.10 0.,87 0 .. 58 0.03 0.55 0.17 
I 

8531-6 8 1.82 0.29 1.53 1.02 0.29 0.03 0.26 0.12 
8531-4 9 1.73 0.58 .1.15 0.93 0 .. 61 0.03 0.58 0.15 

(ay Twenty consecutive cracks were measured along flat sides of specimens. 

(b) Zone structure of oxidized specimens: Oxide 

Zone A 

Zone B 
Zone C 

Mo-0.,5Ti Substrate 

(c) As-coated specimens had only Zone A and substrate. 
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TABLE Zl. CRACK FREQUENCY IN w-2 COATED Mo-0.5Ti TAB SPECIMEN 

Number of Number of Cracks 
2-Hr Oxidizing in Zone A per 

Specimen Cycles 100 Mils of Length 
No. at 2700 F Flat Side Edge Ratio 

8521-21 As-Coated 18 94 5.2 
8522-43 Ditto 21 55 2.6 
8531-21 II 16 62 3.9 
8532-23 II 24 73 3.0 

8521-11 3 14 55 3.9 
-5 4 21 55 2.6 
-3 5 18 55 3.1 
-17 6 13 39 3.0 
-9 7 16 31 l .9 
-13 8 14 47 3.4 
-1 9 13 23 1.8 

8522-23 11 13 55 4.2 

8531-5 6 16 55 3.4 
-9 7 21 47 2.2 
-6 8 18 47 2.6 
-4 9 19 47 2.5 
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TABLE .22. CRACK FREf·UENCY IN ZONE B (a) 
OF W-2 COATED Mo-0.5Ti TAB 
SPECIM~NS 

No. of Cracks in 
No~ of 2-Hr Zone B per 100 mils 

Specimen Oxidizing Cycles of Length 
No, : at·2700 F Flat Side ~dge 

8521-11 3 14 2J 
8521-5 4 14 16 
8521-3 5 17 23 
8521-17 6 11 23 
8521-9 7 14 16 
8521-13 8 17 2'.3 
8521-1 9 11 8 

8522-23 11 12 16 

8531-5 6 16 16 
8531-9 · 7 12 16 
8531-6 8 11 8 
8531-4 9 9 16 

(a) See Table 2 for sketch of zonal structure 0 
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Three specimens of W-2 coated Mo-0. 5Ti wer_e examined 
by electron-probe microanalysis and by X-ray diffraction to determine 
the nature of the coating znaterial and its response to thermal cycling 
to 2700°F. The three specimens represented: (1) the as-coated alloy 
(8522-43), (2) the coated alloy (8521-3) after five therznal cycles 
(10 hours) to 2700°F., and (3) the coated alloy (8522-23) after fl 
cycles (22 hours) to 2 700°F. 

By diffraction techniques, the coating material was found 
to be composed of binary compounds of molybdenum and silicon. S;mall 
amounts of other metals or metal silicides which are soluble in the 
coating material could not be detected by this technique •. The variations 
in the concentrations of molybdenum and silicon, from the alloy interface 
to the fre.e surface of the coating, was measured with the electron-probe 
microanalyzer. The results of the analysis of the three specimens are 
shown in Fig. 22. The origin of the distance scale used in Figure 22 was 
arbitrarily chosen to coincide with the visible coated interface. As the 
over-all thickness of the three specimens appears to be constant, the 
visible interface would appear to be a phase interface which is advancing 
into the alloy as a function of time. The origin of the distance scales in 
Figure 22, therefore, should not be cons1dered as· the· original alloy­
coating interface. 

Analysis of the as-coated specimen (8522-43) with the micro-· 
analyzer showed the coating material to be 64-65 w/o Mo, balance Si~ 
The re appeared to be a depletion of Mo, near the free surface of the 
coating; however, it cannot be ascertained whether this is an actual 
depletion or the result of a change in the bulk density of the coating 
material. 

Analysis .of the as-coated surface by X-ray diffraction showed 
the coating to be single phase. It was identified as MoSiz (63. 1 w/o Mo), 
w:hich is .in close agreement with the microanalysis.· · 

Microanalysis of Specimen 8521-3, which was cycled five 
times to 2700°F., showed a single-phase region about 75 microns 
(3. 0 mils) wide, extending from the visible interface into the coating 
material.· This material had a range of composition of 83-85 w/o Mo, 
balance Si. A second single-phase region of 62-64 w/o Mo was found to 
extend from the free surface of the coating inward about 50 micron_s 
(2. 0 mils).· This phase corresponded to the discontin-uous- grey phase, 
whfoh was observed meta11ographically. ~-ray diffraction. a"lalysis of 
the coated surface showed.three phases, the most predominate of which 
was MoSiz. The other two phases were quite faint, one being cristobalite 
(SiOz) and the third being unidentifiable on the basis of diffraction data 
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aloneo The identification of this phase as Mo5Si3, on the basis of the 
microanalysis, would not be inconsistent with the diffraction data. 

Microanalysis of Specimen 8522-23 (11 cycles) showed a 
single phase region of 85-83 w/o Mo extending about 120 microns 
(4. 7 mils) into the coating material from the visible interface. A 
second phase of a lower contentration of Mo extended about 30 microns 
(1. 2 .mi.ls) into the coating fr.om the free surface. The variation in the 
concentration in this region (63-73 w/o) undoubtedly indicated a mix­
ture of the two phases, MoSiz and Mo5Si3 o The diffraction data from 
this specimen were similar to those obtaine·d from Specimen 8521-3. 
The predominant phase was MoSiz; however, the two additional phases, 
SiOz and Mo5Si3(?) were present in larger amounts than found in 
specimen 8521-3. 

Metallographic examination of this specimen (8522-23) 
showed a narrow (approximately 0o l mil) interface between the alloy 
and the coating material. This phase was too narrow, however, to be 
wholly resolved by the microanalyzer. Unless the interface phase were 
of considerably different composition than the adjacent phases, it would 
not be pas sible to differentiate between this phase and the adjacent con­
centration gradientso It would not be possible, for example, to note the 
presence of Mo3Si at this interface unless the phase field were greater 
than 10 microns (0. 4 mil) in widtho No significant variation of the major 
constituents was detected in this region nor were there detectable 
amoun1sof other elements present. 

No variations in composition were found to be associated with 
coating cracks. In Specimen 8522-23, small quantities of dissimilar 
material appeared to be associated with these cracks. No elements other 
than Si were detected in this material. Though this method of analysis is 
not sensitive to Oz, the analysis of Si in this material would not be incon­
sistent with that of SiOz. 

The growth and phase 7 change behavior of the coating by inter­
diffusion with the substrate, as depicted by these analyses, is in agree­
ment with the met allographic observations presented earlier in this 
reporto 

Do Discussion 

The W-2 coating on molybdenum alloys is basically MoSiz as 
preparedo Upon exposure at elevated temperatures, diffusion between 
coating and base metal occurso The coating now has an outer zone 
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(remnant of original coating), an intermediate zone (probably Mo5Si3 ) 
which continues to grow at the expense of the outer zone, and an inner 
zone (not chemically identified). Total coating thickness appears to 
increase with exposure time. A glossy phase on the surface (SiOz) is 
the phase to which the oxidation resistance is attributed. 

Crack £re quency in the W-2 coating apparently decreases 
slightly with exposure at 2700°F. and many cracks terminated in the 
Mo5Si3 phase. 

This information and the fact that oxidation test specimens 
have displayed erratic weight loss trends in which losses decreased in 
magnitude indicate that W-2 coatings are self-healing. 

Coating crack width increased with exposure and failure of 
the coated system may occur where the glossy phase can no longer fill 
in the crevice. There was hardening in the areas under coating cracks, 
indicating this was the area of oxygen penetration. 

The pre.,. statistical program experiments indicated that 
identical coating applications to two different lots of Mo-0. 5Ti resulted 
in different test lives. The two substrates tested in the statistical 
experiment also displayed different behavior. This could be due to 
either lot to lot variations in Mo-0. STi or surface con~ination (both 
materials appeared to have contamination, but to different extents). 
Elimination of lot to lot variation of Mo-0. STi would, therefore, be 
desirable for producing a coated system of uniform quality. 

VII. CONCLUSIONS 

1. The statistical program conducted revealed that the critical 
variables and preferred level of each variable are process­
ing time (two 12 hour processes), processing temperature 
(l 900°F.) and mixing of powders (well mixed). 

2. Variables of secondary importance and preferred levels are 
substrate soundness (uncontaminated) and surface preparation 
(etched and honed). 

3. Optimized coatings produced using the levels indicated in 
1, 2 and 5 should have a mean life of 47 hours at 2700°F. 
with a standard deviation from the mean of 8 hours. 
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4. The most conservative evaluation predicts 1 failure/ 1000 
in less than 4, 2 heurs. 

5. Retort composition and pewder purity, age and mesh size 
were of minor importance statistically; so that steel retorts, 

· commercial-purity and -60 f 150 mesh size powder may be 
· chosen for cost and convenience purposes. 

6. · W-2 coating has an oxidation resistant glassy phase which 
· provides self-healing characteristics to the coating, 
' ' 

7. As prepared W-2- coating is essentially M0Siz. 

8. Upon exposure at 2700°F. the coating becomes a three phase 
structure by interdiffusion of coating and base meta.ls. 

9. " Total coating thickness increases slightly with exposure time. 

-77-




