
llBaftelle 
Columbus Laboratories 

505 King A\enue 

Columbus, Ohio 43201 

Telephone '614) 299 3151 

Telex 24-5454 

April 17, 1972 

Mr. Peter Dessau 
Process Development Group 
Department N-4350 
Aerojet Nuclear Systems Company 
P. 0. Box 13070 
S a c r a m e n t o , C a l i f o r n i a 95813 

I j^jj ^NorrcE 

sponJred^byThe S e T s t a ' t ' / r " * ' " ' " ' °^ ^"'^ 
the United States no7 ( h ^ r , ^ T " " ' " ' Neither I 
Research and C e onment i!, """* ^'^*^* Energy 

subcontractors, or their , . ^ 1 " contractors, 
warranty, express or impaed o r ' ' ' - " " " ' ^ ^"^ I 
habU.tyorresponstbditXtheac^uJaTv'" ' ' " 7 '^«^ or usefulness of any mformatmn '̂ ^ '^""'P'eteness 

process disclosed, or r e p r e ^ ' ' , ? ; h T y ' ' ' " ' ' P™"""̂ * ° ' 
| f a f n n g e p n v a t e l y ' o « ; e 7 r X " ' ' " " " " " ° ' ' 

MASTC 
5 
^ 

Dear Mr. D e s s a u : 

Compression Low-Cycle Fatigue of Type 347 
Stainless Steel and Hastelloy X at Elevated 
Temperatures, ANSC Purchase Order No. N900105 

Since our letter report of January 28, 1972, eleven more low-cycle fatigue 
tests have been completed. -One of these tests was conducted at 1600 F with a 
10-minute hold time at maximum compressive strain. The remainder of the 
specimens were tested at temperatures of 1100, 1200, and 1300 F and without 
hold times. The completion of these tests marks the end of your program on 
"Compression Low-Cycle Fatigue of Type 347 Stainless Steel and Hastelloy X". 
This letter report summarizes data obtained from these eleven experiments and 
integrates them with the results of earlier portions of the program. 

Results of the low-cycle fatigue tests conducted at 1400 F with a 10-minute hold 
time at maximum compressive strain (report of January 28, 1972) indicated that 
this condition improved the fatigue resistance of Type 347 stainless steel 
compared to its fatigue resistance at 1400 F under continuous cycling conditions. 
This unexpected behavior of the material prompted a comparative metallographic 
study of the specimens tested with and without a compression hold in the strain 
cycle. Results and conclusions of these metallographic studies are also presented 
in this report. 

Metallographic Studies 

The metallographic studies placed emphasis on comparing the fracture and micro-
structural characteristics of those specimens tested with a compressive hold 
time of 10 minutes during cycling to those tested under conditions of continuous 
cycling. Fractographic studies were made on the specimens fatigue tested at 
strain ranges of 1,5, 3.0, and 5.0 percent. In addition, metallographic studies 
were conducted on polished and etched sections of specimens tested at 1.5 
percent strain range with no hold time, as well as with a 10-minute hold in 
compression. 
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This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
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recommendation, or favoring by the United States Government or any 
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Fractographic Examinations 

The fracture surfaces of the specimens examined were studied using a binocular 
microscope at magnifications up to 90X. In addition, the surfaces of the 
specimens adjacent to the fatigue failures were studied for evidence of secondary 
cracking and upset. 

The fracture surfaces of all specimens exhibited some discoloration (oxidation) . 
In some specimens, the degree of oxidation was considerably greater. In all 
cases, the fracture surfaces contained more oxidation than did the machined 
surfaces. This is to be expected, since freshly torn or cracked stainless steel 
surfaces are more active than machined surfaces on which a thin protective oxide 
has been allowed to form in air at room temperature. 

Specimens Without Compression Hold. The amount of oxidation increased with 
decreasing strain; i.e., the specimens tested at 1.5 percent strain oxidized 
over a larger area of the fracture surface than those tested at 3.0 or 5.0 per
cent strain. This suggested that the fatigue cracks propagated slower, and that 
cracks or fissures were exposed to the environment for a longer period of time 
prior to final rupture in the low-strain range specimens. 

Secondary tearing, after the primary fracture phase, at the sides of the specimens 
appeared to be greatest in the specimens strained 3.0 percent on each cycle. 
These specimens showed considerably more secondary tears than the specimens 
strained 5.0 percent on each cycle. The specimens tested with 1.5 percent axial 
strain range exhibited somewhat erratic results--two specimens had no secondary 
tears, while the other two had about the same number of secondary tears as those 
tested at 3.0 percent strain. 

All specimens tested without a compression hold period during cycling had multiple 
origins on the fracture surfaces and the fatigue cracks appeared to propagate 
uniformly from these origins. 

Specimens With Compression Hold. All specimens tested with a 10-minute compression 
hold exhibited some upset immediately adjacent to the fracture. However, the 
amount of upset decreased with increased strain, i.e., the specimens tested at 
1.5 percent strain exhibited considerably more upset than the specimens tested at 
3.0 or 5.0 percent. 

The fracture surfaces of all specimens exhibited some discoloration (oxidation) 
and, as was the case with the specimens tested without a hold time at maximum 
compressive strain, the amount of oxidation decreased with increasing strain. 

In contrast to the specimens tested with no hold time, the fracture surfaces of 
the hold-time specimens exhibited only one or two major crack propagation paths. 
Although several points of initiation may have formed, only one or t̂-70 propagated. 
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In addition, the hold-time specimens showed far less secondary cracking or tearing 
than the no hold time specimens. 

Results. The principal finding of the fractographic examination was the no-hold 
specimens had several points of crack initiation which propagated in a fairly 
uniform manner. The hold specimens also had several local areas of crack 
initiation, but only one or two of these propagated. The hold specimens exhibited 
upset at the sides of the specimens a short distance back from the fracture 
surface; the no-hold specimens did not. 

Metallographic Examinations 

Metallographic studies of polished and etched sections were made on two specimens 
(A18 and A49). Both specimens had been tested at a strain of 1.5 percent, the 
former with no hold-time and the latter with a 10-minute hold in compression on 
each cycle. 

Specimens Without Compression Hold. The microstructure of a longitudinal section 
through the fracture of the no hold specimen is shown in Figure 1. It will be 
noted that some holes (or voids) exist near the fracture surface, and that some 
strain lines are faintly evident. The nature of the fracture cannot be ascertained 
because of the fine grain size; i.e., it could not be determined if the principal 
fracture was transgranular or intergranular. Careful examination suggests that 
material exists in these voids. It is believed that this material is an oxide 
or inclusion, and that the voids formed in or adjacent to an inclusion and opened 
up during testing. Similar voids are often observed in tensile creep-rupture 
test specimens that have entered third-stage creep. It will also be noted in 
Figure 1 that the strain lines are rather aligned and straight. 

The microstmcture of a longitudinal section well removed (about \ inch) from the 
fracture is shown in Figure 2. Strain and voids were not evident. 

The microstructure of a secondary crack is shown in Figure 3. This secondary 
crack is predominantly intergranular. 

Specimens With Compression Hold. The microstructure of a longitudinal section 
through the fracture is sho\̂ n in Figure 4. Again, it could not be determined if 
the failure was intergranular or transgranular. Some voids can be observed in 
the micrographs; however, the voids are much smaller than in the no-hold specimen. 
Although strain is evident, there is no directionality to the strain lines and 
the general microstructure is distorted in all directions. 

The microstructure about %-inch from the fracture is shown in Figure 5. Again 
the structure is similar to that of the no-hold specimen, shown in Figure 2. 
Although not shown by means of photomicrographs, the hold specimen contained 
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little evidence of secondary tears. The one or two secondary cracks observed 
were only a few mils deep and appeared to be predominantly intergranular. 

Results. The metallographic examination revealed that both the hold and no-hold 
specimens contained some grain-boundary voids adjacent to the fracture. The no-
hold specimens had much larger voids, which appear to have formed at inclusions. 
In the no-hold specimens, strain was better defined and directionally oriented. 
In the hold specimens, strain had no directional orientation. 

Conclusions. The metallographic examinations were too brief to fully substantiate 
the above findings. However, the observations made do indicate that there are 
both microstructural and fractographic differences in specimens tested without a 
hold time in compression and with a 10-minute hold in compression. The variation 
in the size of the voids adjacent to the fracture may indicate that the compression 
hold tends to inhibit void formation or close voids that are formed by tensile 
creep strain in the material. This may account for the improved fatigue resistance 
of the specimens tested with a 10-minute hold time at maximum compressive strain. 

Low-Cvcle-Fatjgue Studies 

All tests were conducted on apparatus identical to that described in our reports 
of December 20, 1971, and January 28, 1972. The continuous cycling fatigue tests 
were conducted in the same manner as those described in the former report, while 
the test with a 10-minute hold time at maximum compressive strain was conducted 
in the same manner as that described in the latter report. 

The low-cycle-fatigue results are summarized in Table 1 and presented graphically 
in Figures 6 through 10. Results reported on January 28, 1972, included the data 
from two tests conducted at 1300 F and a total axial strain range of 3.0 percent. 
Since the object of the experiments conducted in this last portion of the program 
was to determine the variation of fatigue resistance with temperature, these two 
results have been included in Table 1. Thus, a complete picture of the fatigue 
characteristics of the material at 1100, 1200, and 1300 F and 3.0 percent total 
axial strain is presented in Table 1. Contrary to the test matrix for this 
portion of the program. Table 1 contains four results for the 3.0 percent total 
strain range at 1200 F. The reason for this extra specimen is that Specimen A56 
was inadvertently run at an axial strain rate of 1.644 x 10"'̂  sec"-"- for the first 
170 cycles of its life, instead of the specified strain rate of 10"^ sec"~. Data 
obtained from Specimen A56 were consistent with the data generated at the correct 
axial strain rate; however, for statistical analysis it was felt that this test 
should be repeated at the correct strain rate. 

A test of Type 347 stainless steel at 1600 F with a 10-minute hold time at raaximur: 
compressive strain (3.0 percent) was conducted to complement the two previous 
tests performed at these conditions and reported in our letter report of January 
28, 1972. The results of this test are consistent with the results of the two 
previous tests and help to establish a higher degree of confidence in the data. 
The new stress relaxation data obtained from this experiment has been combined 
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with the data from our earlier report (January 28, 1972) and our computer program 
(described in our letter of February 17, 1972) used to generate a new best-fit 
curve. The new curve, illustrated in Figure 6, is almost identical to the curve 
generated with only two sets of relaxation data, note the slight changes in the 
constants A and M. 

Seven tests were conducted at 1200 F, three at a total axial strain range of 1.5 
percent and the remaining four at 3.0 percent axial strain range. These seven 
data points are considered sufficient to plot the curves of total axial strain 
range, plastic strain range, and elastic strain range versus fatigue life (see 
Figure 7). However, the curve drawn through the data points is only a first 
approximation and more data would be required to establish a well-defined curve. 

Figure 8 is a plot of stress amplitude versus fatigue life that shows the repre
sentative cyclic hardening characteristics of Type 347 stainless steel for the 
conditions indicated. These graphs complement the plots illustrated in our report 
of December 20, 1971. With the establishment of the curves in Figure 8, a definite 
trend in the cyclic strain-hardening characteristics of the material at 3.0 percent 
axial strain can be observed. That is, with increasing temperature, the material 
becomes increasingly less sensitive to the cyclic strain hardening phenomenon 
until at 1600 F (maximum temperature in this program) the material actually softens 
slightly. By combining the curve at 1200 F and 1.5 percent total axial strain 
(Figure 8) with the results reported on December 20, 1971, the same trend of 
decreasing sensitivity to cyclic strain hardening with increasing temperature is 
observed. Therefore, it is assumed that the material would have strain hardening 
characteristics at 5.0 percent strain, which would follow the same trend of 
decreasing sensitivity to hardening as temperature is increased. 

Figure 9 is a plot of total axial strain range versus fatigue life. The curves 
at 1000, 1400, and 1600 F were taken from our report of December 20, 1971, and the 
curve illustrated for 1200 F is the curve from Figure 7 of this report. The 
curves presented in this manner illustrate how the material's fatigue character
istics are a function of temperature. Figure 10 is presented to help define the 
temperature at which Type 347 stainless steel exhibits the worst fatigue strength. 
The worst temperature for this material, as far as fatigue resistance is concerned, 
is in the region between 1250 and 1350 F. The lines used to connect the average 
points in this figure have been drawn only to clearly define the average trend 
and should not be used as the fatigue limit of the material. 

It has been a pleasure conducting this experimental investigation for you. If 
you have any questions, please feel free to contact either Carl Jaske or me. 

Very truly yours. 

Theodore Porfilio 
Research Scientist 
Structural Materials Division 

TP:pw 

Enclosures 

cct/Mr. Larry Pickering Mr. Bill Carey (Buyer) 

Aerojet Nuclear Systems Company Aerojet Nuclear Systems Company 



TABLE 1. FATIGUE TEST DATA FOR ITPE 347 STAINLESS STEEL CONDUCTED IN A PURIFIED 
HYDROGEN ENVIRONMENT AND AT AN AXIAL STRAIN RATE OF 10"^ SEC~^ 

Specimen 

A64 
A61 
A62 

^5^u^ 
A56(b) 
A55 
A54 

A60 
A59 
A58 

A40(d) 
A4l(d) 
A66(e) 

A63 

Hold Time at 
Maximum Strain 
(Comp ression), 

min 

_ _ 

--
--

. _ 

--
--
--

- _ 

--
--

_ _ 

--
--

10 

Temperature, 
F 

1100 
1100 
1100 

1200 
1200 
1200 
1200 

1200 
1200 
1200 

1300 
1300 
1300 

1600 

Fatigue Life 

Nf 

327 
349 
400 

264 
274 
281 
381 

1605 
1735 
1745 

178 
232 
269 

506 

cycles 

NB 

317 
339 
383 

235 
--

257 
363 

1603 
1704 
1732 

177 
--

266 

--

• > 

No 

308 
332 
367 

205 
-(c) 
244 
346 

1602 
1693 
1701 

177/ ̂  
--(c) 
263 

-(c) 

Axial ! 

Total 

3.04 
3.04 
3.02 

2.97 
2.99 
2.98 
2.99 

1.51 
1.54 
1.52 

3.01 
3.06 
3.04 

2.98 

Strain Range 

Plastic 

2.62 
2.58 
2.59 

2.57 
2.56 
2.59 
2.58 

1.18 
1.20 
1.21 

2.63 
.2.62 
2.69 

2.88 

at 

A 

0 

Nf/2, percent 

Elastic'' 

Sei 

.10 

0.42 
0.46 
0.43 

0.40 
0.43 
0.39 
0.41 

0.33 
0.34 
0.31 

0.38 
0.44 
0.35 

a; 

^Sed 

0.18 

Stress Range 
at Nf/2, 
ksi 

100.5 
102.0 
101.0 

90.7 
88.5 
88.0 
93.7 

75,2 
75.9 
72.8 

78.0 
85.7 
72.0 

32.1 

(a) For a symmetric hysteresis loop (no hold time) Asgĵ  = Asgcj = Ae 
e* 

(b) This test was duplicated (by Specimen A57) because the specimen was cycled at a strain rate slightly slower 
than 10"^ sec"^; i.e., e (A56) = 1.644 x 10"* sec"^ for the first 170 cycles. 

(c) Values of NQ and Ng are not reported because the load did not drop before failure occurred. 

(d) This data is taken from our report of January 28, 1972, and is included to give a complete picture of the 
materials' fatigue characteristics. 

(e) The data obtained from Specimen A65 was highly irregular; therefore, the test was repeated with Specimen A66, 
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lOOX Glyceregia Etch IGOII 

FIGURE 1. MICROSTRUCTURE OF A LONGITUDINAL SECTION 
THROUGH THE FRACTURE OF SPECIMEN A18, 
TESTED AT 1.5 PERCENT STRAIN WITHOUT A 
COMPRESSIVE HOLD 
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FIGURE 2. MICROSTRUCTURE OF A SECTION THROUGH SPECIMEN 
A18 AT A LOCATION ABOUT 1/4-INCH BELOW THE 
FRACTURE 



2 SOX Glyceregia Etch 1G012 

FIGURE 3. MICROGRAPH SHOWING SECONDARY RUPTURE IN 
SPECIMEN A18 

••^•'';;Vf^*'-.'--.;:5.--^^^--

-iy.. 47i^ -\^7^ :>^i .:^^- "'^^ ^,i " -^ -"^^.^^-^-^^rr^-r 

nP*^' 
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FIGURE 4. LONGITUDINAL SECTION THROUGH THE FRACTURE 
OF SPECIMEN A49. TESTED AT 1,5 PERCENT 
STRAIN WITH A 10-MINUTE COMPRESSIVE HOLD AT 

MAXIMUM STRAIN 
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FIGURE 5. MICROSTRUCTURE OF A LONGITUDINAL SECTION 
THROUGH SPECIMEN A49 AT A LOCATION ABOUT 
1/4-INCH BELOW THE FRACTURE 



Material: Type 347 S.S. 
Specimen: Heat X-II585; Series A 
Total Axial Strain Range, Ae^: 3.0 % 
Temperature: 1600 F 

'M=-0.71342 
A= 0.25151 

Best Fit Coefficient 
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RELflXflTION STRESS VS TIME 
FIGURE 6. BEST FIT STRESS RELAXATION CURVE OF TYPE 347 STAINLESS STEEL 
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FIGURE 7. FATIGUE LIFE, N^, AS A FUNCTION OF STRAIN RANGE, Ae, 
FOR TYPE 347 STAINLESS STEEL AT 1200 F AND AT AN AXIAL 
STRAIN RATE OF 10"^ SEC"^ 
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FIGURE 8. STRESS AMPLITUDE, ACT/2, AS A FUNCTION OF CYCLES, N, F 
FOR TYPE 347 STAINLESS STEEL 
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FIGURE 9. COMPARISON OF FATIGUE LIFE, N-:, AT 1000 F, 1200 F, 1400 F, AND 1600 F FOR TYPE 347 STAINLESS STEEL 
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FIGURE 10. FATIGUE LIFE AS A FUNCTION OF TEMPERATURE FOR 
TYPE 347 STAINLESS STEEL 


