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ABSTRACT 

Chemical lead is subjected to multiple creep stress reversals at room 
temperature, 100 C and 150 C, and the alterations in grain structure are 
examined. 

Creep deformation resistance at these test, temperatures decreases 

However , the decrease in significantly under multiple stress reversals. 

creep resistance caused by reversed stressing is smaller when the test 
temperature is increased above about half of the melting point of the metal. 

Significant microstructural changes are observed during reversed 
creep. 

shear stress, resulting in an orthorhombic grain structure. 
Grain boundaries are found to migrate toward planes of maximum 

The formation of this unusual grain structure is discussed in relation 

To support the dis- 

The 
to creep resistance changes due to reversed stressing. 
cussion, grain boundary sliding during reversed creep was  measured. 
contribution of grain boundary sliding to the total creep strain is found to greatly 
increase as the orthorhombic grain structure is formed, I 
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1. INTRODUCTION 

The creep deformation resistance of metals may change significantly 

due to repeated reversals of the creep stress.  In the case of chemical lead 
at room temperature, Morrow and Halford (1) have reported that after about 

60 s t ress  reversals the static creep rate  increases approximately ten times 

compared to the virgin creep rate. 

From the limited amount of work in the literature which is summarized 
in Table 1 (1-71, the nature of reversed creep may be briefly stated as 
follows: 

1. 

2. 

At low homologous temperatures, the creep resistance 
increases with number of s t ress  reversals (2,3). 

At high homologous temperatures, however, the creep 
resistance significantly decreases due to reversed 
stressing (1,2,4). 
This decrease in creep resistance at high homologous 
temperatures is persistent in  nature causing a permanent 
alteration in creep deformation resistance (5). 
Acceleration of creep due to stress reversals has been 
observed for several modes of deformation and for a 
variety of metals provided the test temperature is high 
enough. 

3.  

4. 

Above a test temperature of about 0.4 Tm*, a decrease in creep 
resistance during reversed creep may be expected (Fig. 1). Significant 
changes in the microstructure of the metal may accompany the decreaserin 

creep resistance at high temperatures.. However, no extensive study has 
yet been made of the influence of reversed creep on the structure of metals. 

The purpose of this paper is to examine in detail the microstructure 

of specimens subjected to reversed creep and to relate the observations to 

creep resistance alteration, 

* T is the absolute melting temperature of a particular metal. m 
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2. EXPERIMENTS 

2 . 1  Material and Specimen 

Tubular specimens were machined from 1 -1/4 in diameter rods of 
chemical lead. 

in Table 2 and Fig. 2. 

The chemical composition and specimen geometry are shown 

After machining, the outer surface of the reduced section was  chemi- 
cally polished by means of a mixture of two parts of H202 (30% purity) and 
eight parts of glacial acetic acid in an  ice bath. 

point of lead, mechanical polishing or  sectioning at room temperature tends 
to recrystallize the surface metal. 
carefully removed to a depth of at least one millimeter by means of chemical 
polishing . 

Because of the low melting 

For  this reason, cut surfaces were 

2 .2  

A hydraulic torsional creep testing machine was used which employs 
Creep Testing Apparatus and Test Method 

closed loop control (8). 

motion were obtained by the use of a split tapered collet on one end of the 

specimen and a splined shaft fastened to the torque frame through a Wood's 

metal pot on the other end (2). 

Zero clamping force and concentricity of rotational 

Shear strain was calculated from the angle of twist measured between 

A gage length of 1.4 in was used for the calculation of shear 

Average creep rate, 7, as defined in Fig. 3, was calculated by 

shoulders of specimen by an R ,  V. D. T. (rotary variable differential trans- 
former). 
strain. 

dividing the creep strain by the period of one reversal. 

Internal resistance heating was used for tests a t  100 C and 150 C. 
The heating element is a 1/4 in diameter stainless steel rod with two reduced 

sections of 3/16 in  diameter and 1 -1/4 in length. 
center of the tubular specimen and powered by a 30 kvA welding transformer. 

It was located at the 

Temperature was measured on the surface by means of chromel-alumel 
thermocouples, 

length varied less than -I- - 4 C at test temperatures of 100 C and 150 6. 

With this method of heating, the temperature along the gage 
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The test conditions are illustrated in Fig. 3. In each test, the shear 

stress, T, was maintained constant until a preset strain limit was reached 
and then reversed. 

reversed again and maintained constant until the strain limit was reached. 

Reversing was continued for about 60 to 70 reversals. 

When the total s t ra in  reached zero, the stress was 

2 e 3 Metallographic Study 

The specimen surface longitudinal, and transverse c ross  sections 

were examined under a n  optical microscope. X-ray back -diffraction patterns 
were taken on the specimens using Cu-K,, radiation. Average grain size 
was calculated by making several measurements of the number of grains in 
an area of 0.4 mm 2 

For  periodic examination of the grain structure, replicas were taken 
f rom the specimen surface during reversed creep using replicating tape and 
acetone. 

and the 71st reversals when the creep stress was + 600 psi. This test was  
frequently interrupted just  before the creep stress was reversed and during 
single creep curves in order to take replicas. 

Creep stress during this test was + 680 psi except during the first - 
- 

2.4 

Artificial scratches were inscribed on the specimen surface using 

Calculation of Grain Boundary Sliding Strain 

either dry cotton or  a thin razor  blade. 

scratched surface to measure the amounts of grain boundary sliding, 
and nu2' and the grain length, Ax, and Ax2, under an  optical microscope. 
The directions of Axl and Ax2 and the positive directions of Au, and Au2 
are indicated in Fig.. 4a. 

maximum shear. The grain boundary sliding strain, Y was calculated 

Replicas were taken from the 

Au, 

The coordinates, 1 and 2, are directions of 

gb' 
by the following equations : 
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for the orthorhombic grain structure, and 

Au2 
Y g b = K  - Axl 

for  the irregularly shaped grain structure. Where K = 2 was used to 
account for  the randomness of boundary orientation. 

of boundary sliding strain more than 20 grain boundaries were examined, 

For  each calculation 
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3. EXPERIMENTAL RESULTS 

3.1 Creep Test Results 

Five specimens of chemical lead were tested at room temperature 

(0.5 T,), 100 C (0.62 T ), and 150 d.(O. 70 Tm). 
results are summarized in  Table 3 and plotted in Fig. 5. 
ra tes  which are plotted in Fig. 5 are the average of two reversals, i. e.,  of 

one cycle. Because of frequent interruptions of testing, the average creep 

rate of Spec. 5 is not plotted in Fig. 5. 

The test conditions and m 
Average creep 

For all tests, the average creep rate rapidly increases at f i rs t  with 

the number of stress reversals. 
the creep rate continues to increase after the initial rapid change although the 
rate of increase decreases, 

increases for several cycles and then decreases slightly for several cycles 
and then increases again. This cyclic nature of creep rate change seems 

to continue throughout the test. 

For tests a t  room temperature and 100 C, 

At 150 C, however, the average creep rate 

The average creep rate on the 31st cycle, 4, was arbitrari ly chosen 

as representative of the creep rate  after reversed stressing for comparison 
with the average creep rate  of virgin specimens, Yo" Ratios for these two 
creep rates are listed in  Table 3 and plotted in Fig. 1 along with other 
published data (1 -4)- 

creep resistance during reversed creep and a ratio larger than one indicates 
a decrease in creep resistance. 

- 

A ratio smaller than one indicates an increase in 

Under all test conditions reported in this paper, creep resistance 

significantly decreases due to stress reversals. 
decrease in creep resistance, Tr / To 
ture, implying that there exists an  optimum temperature for the maximum 
acceleration of creep. 

However, the degree of 
is smaller the higher the test tempera- 

3.2 Results of Metallographic Study 
Grain structures before and after reversed creep are shown in Figs. 

Maximum shear directions are vertical 6a -6d for three test temperatures, 

and horizontal in  the photographs. 
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The grain structure before testing is of the type ordina y found, being 

of irregular shape with randomly oriented boundaries, 

During reversed creep at room temperature and 100 C, grain 
were found to migrate into a rectangular network. 

migration are shown in Fig. 7 and the resultant networks in Figs. 6b and 6c. 

At 150 C, however, recrystallization and grain growth takes place. Figure 6d 

shows a portion of a recrystallized grain. 
grain boundaries are randomly oriented. 

shaped grains predominate along the gage length, although some rectangular 
grain boundaries may still be seen. 

Traces of gr 

Grain growth is evident and the 
Consequently, such irregularly 

Cross sectional views of this grain structure are shown in Figs. 4b and 
On both cross  sections as well as the circumferential surface, the grain 4d. 

boundaries form into rectangular networks, showing the grain shape to be 
orthorhombic. 
generally longer in one direction. The elongation is in the direction of the 

intersections of maximum shear planes on these cross  sections. 

In both longitudinal and transverse cross  sections, grains are 

Average grain sizes are also listed in Table 3. Before testing, the 

average grain size was 0.060 mm. After reversed creep, grain sizes are 
consistently larger than before. 
the larger the grain size. 

Furthermore, the higher the test temperature, 

Figures 7a and 7b show the surface of a crept specimen before polishing. 

Besides the trace of grain boundary migration, sl ip bands and severely deformed 

regions are seen. 
usually observed near L and T type intersections of new grain boundaries as 
seen in Fig. 7a, showing that localized intragranular deformation has occurred 

due to the intergranular sliding. 

Intense slip bands or  severely deformed regions were 

The observed slip bands at high homologous temperatures are nearly 
parallel to the maximum shear directions. 

represented by Fig. 8, did not show any obvious preferred orientation. 
Therefore, the highly oriented slip bands are not believed to be caused by 

preferred orientation but rather by the possibility of slip on crystalline planes 
other than the ordinary (111) , such as {lo03 , as suggested in Ref. 9. 

X-ray diffraction patterns, 
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3 3 Periodic Observations of Grain Structure during Reversed 
Creep by Means of Replication 

A region of the specimen surface was followed during testing by means 

The average creep rates, T9 of this test are listed in Table 3. of replication, 

Figure 9a is the grain structure of a virgin specimen. The three 
black squares are indentation marks for identification purposes. 

During static creep, sharp Y type grain boundary intersections tend 

to round off, as is seen in grains R and Q of Figs. 9a and 9b. It is also 
observed that some grain boundaries (for example, grain K )  migrate toward 
the maximum shear directions during static creep. The rectangular grain 
boundary network is roughly formed during the first few cycles (Fig. 9c). 
During this time the average creep rate increases rapidly (Fig. 51, 
initial formation, the rectangular network is further subdivided. 
subdivision development is slow. For  example, grain P (Figs. 9d-9f) is 
subdivided by the gradual boundary migration of a small grain, which took 
about 40 reversals. 

After 

This 

3 . 4  Grain Boundary Sliding 
Grain boundary sliding measurements for  the orthorhombic grain 

structure, were taken in two selected areas for each Aul and nu2> so 
that they represent the regions of wel l  developed rectangular network and 
of poorly developed rectangular network. 

rectangular grain boundaries the grain length is smaller. 
Y 
were used. 

In the region of better developed 

For  calculating 
the average values of Au1/Ax2 and Au2/Axl measured in each area 

gb’ 

Figure 10 shows a n  example of measured sliding. It was observed that 

some grain boundaries require time before sliding begins resulting in a cyclic 

nature of sliding which has been often observed in  boundary sliding measure - 
ments (10). 

average value of Aul/Ax2 or  Au2/Axl along the length of about 0.6 mm 
changes smoothly (Table 4). 

Although each boundary slides in a different manner, the 

Figures l la  and l l b  compare the total creep strain with the grain 
boundary sliding strain after the formation of the orthorhombic grain 

structure. Creep curves of grain boundary sliding are similar to  the total 
creep curves. The ratios, Ygb/Yt, are 0.65 for ‘G = 9 - 680 psi and 
0,80 for It = 600 psi at 0.5 Tmo 
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For the irregularly shaped grain structure, the obtained values are 
Y = 0.014 and Y /Y = 0.29 under 1: = 600 psi. These values a re  less 

than half of the value obtained after the formation of the orthorhombic wain 
structure. 

gb gb t 
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4. DISCUSSION 

The formation of a rectangular network of grain boundaries on the 

surface has been reported in the case of high temperature fatigue of lead 
(11,12) and aluminum and aluminum alloys (12,13). 

observed in  Refs .  (11-13) is similar to the two dimensional view of the 

orthorhombic structure found in this study of lead subjected to reversed 

creep, 

The surface structure 

In the following sections, the significance of the orthorhombic grain 
structure in reversed creep is discussed. 

4 .1  Enhancement of Grain Boundary Sliding due to the 
Formation of Orthorhombic Grain Structure 

At high homologous temperatures, grain boundary sliding is more 

active than at low homologous temperatures, 
irregularity of the grain boundary network in the usual grain structure, 
sufficient intragranular deformation is required to accommodate grain 

boundary sliding . 
must be the main factor in determining the total creep resistance in the 

irregularly shaped grain structure, unless there is a drastic change in grain 
structure a 

However, because of the 

Consequently, the intragranular deformation resistance 

Formation of the orthorhombic grain structure makes grain boundary 
sliding easier for two reasons. 
where maximum in the orthorhombic structure. 
forces between adjacent grains are probably smaller than in the case of 

irregularly shaped grains. 

F i r s t ,  stress on the boundaries is every- 
Second, the constraining 

This reasoning can be justified by Fig. 12 which was  taken after 

static creep at a shear strain of 0.047. 

photograph are artificial scratches which were inscribed before the test. 

Grain boundaries which are not parallel to the maximum shear directions 
show little boundary sliding. When the boundaries are long and parallel 

to the maximum shear directions, sliding can be significant. 

is seen in the figure along a vertical boundary E. 
are parallel to the maximum shear directions but short, sliding is restricted 
by the adjacent grains near triple points of boundaries, Examples are also 

The lines running across  the 

An example 

When grain boundaries 
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seen in the figure on the boundaries lab 

support for the above reasoning. 

than 5w0 to the total creep s t ra in  after the orthorhombic grain structure 
has formed for  the stress levels investigated. This large contribution 

not found for the usual irregularly shaped grain structure. 

Grain boundary sliding contri 

Figure 13 shows a relationship between Aul/Ax2, Au2/Axl, and the 
average grain length in the orthorhombic structure. 
better developed is the orthorhombic structure (smaller grain length), the 

larger is the strain due to grain boundary sliding. It would be expected, 
tberefore, that the value of Y /'Y would be even larger than 0.8 for the 
same test conditions if the subdivision of the rectangular network is further 

developed by additional stress reversals. 

It is seen that the 

gb t 

The above discussion shows that, with progressive formation of the 
orthorhombic grain structure, the resistance to grain boundary sliding 

becomes more and more the determining factor governing total creep 
resistance. 

Also, the total area of the boundaries which lie on the maximum shear planes 
increases. 

Constraining forces between adjacent grains are reduced. 

4.2 Relation between Changes in  Creep Rate  and 
Grain Structure 

At this stage of discussion, it is interesting to qualitatively correlate 
the alteration of creep resistance due to multiple s t ress  reversals and the 

formation of the orthorhombic grain structure. 

During the early stages of a high temperature reversed creep test, 

ge creep rate accompanied by a r 
ctangular network of grain boundaries. 

stressing is continued, there is less increase in the average creep rate 
and only minor further 

As  reversed 

the rectangular network. 
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As is seen i n  Fig. 1, the ratio, Tr/T0 , decreases when the test 

temperature is increased above about haLf of the melting point of the metal. 

This is believed to be due to an increase in the size of the orthorhombic 

grains with increasing temperature until a recrystallized structure pre - 
dominates. 

number of s t ress  reversals observed at  150 C may be due to the periodic 
occurrence of recrystallization which tends to eliminate the orthorhombic 

grain structure. 

Furthermore, the cyclic nature of creep rate change with the 

At low homologous temperatures where deceleration of creep has been 

reported (2 ,3)  the orthorhombic structure may not be formed since the grain 

boundary migration is unlikely at low homologous temperatures 

The observed orthorhombic grain structure is believed to be quite 
stable. It was in fact observed that the general view of the rectangular 

boundary network had not changed at room temperature even two months 

after testing. Thus, the persistent decrease in creep resistance due to 
reversed stressing reported in Ref. (5) should be expected, 
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5. SUMMARY 

Torsional reversed creep tests of chemical lead specimens were 
performed at temperatures of 0.5, 0.62 and 0.70 Tm. 
and the role of grain boundary sliding were examined, 
were obtained. 

The grain structure 

The following results 

1. The creep of chemical lead at these temperatures is 
significantly accelerated under multiple stress reversals. 
The degree of the increase in  creep rate with the number 
of stress reversals decreases with an increase in test ~ 

temperature above about half of the melting point of the 
metal, 
exists an  optimum temperature for maximum acceleration 
of creep. 

This and published results imply that there 

2 .  Grain shape and grain size change significantly during 
reversed creep. 
orthorhombic grain structure with sides parallel or  
perpendicular to the maximum shear planes. 

Boundaries migrate to form an 

3. At a temperature of 0.5 T , the contribution of grain 
boundary sliding to the t o t a  creep strain is large after 
the formation of the orthorhombic grain structure. 
In the usual irregularly shaped grain structure, however, 
grain boundary sliding is only a minor part of the total 
creep strain at the stress levels examined. 

4. The formation of the orthorhombic grain structure is 
believed to be the cause of the acceleration of creep 
due to stress reversal  at high homologous temperatures. 
Enhanced grain boundary sliding resulting from the 
orthorhombic structure accounts for the nature of 
reversed creep observed in  this work as well as in 
earlier research. 



13 

LIST OF REFERENCES 

1. 

2. 

3. 

4, 

5. 

6. 

7.  

8. 

9. 

10. 

11, 

12 * 

13. 

JoDean Morrow and G. R .  Halford, "Creep Under Repeated Stress 
Reversals, Joint International Conference on Creep: The 
Institute of Mechanical Engineers, London, 1963, pp. 3-43 to 3.47. 

C. E, Jaske, "The Influence of Temperature on Reversed Creep, I' 
MS Thesis, Department of Theoretical and Applied Mechanics, 
University of Illinois, 1967, See also T&AM Report No. 674, 

H. Conrad, "Effect of Changes in  Slip Direction on the Creep of 
Magnesium Crystals, I' Transactions of the Metallurgical Society 
of AIME, Vol. 215, Feb. 1959, pp. -63. 

A. N. Hughes, "Creep of a 20% Cr/25% Ni/Nb Steel Under Reversed 
Creep Conditions, " TRG Report 1018(6), United Kingdom Atomic 
Energy Authority, 1965. 

L. B. Freund, Effect of Repeated Stress Reversals on the Creep of 
Lead, If Fourth Student Symposium on Engineering Mechanics, 
T&AM Report No. 262, Department of Theoretical and Applied 
Mechanics, University of Illinois, 1964. 

E. N. da C, Andrade and K .  H. Jolliffe, "The Flow of Polycrystalline 
Metals Under Simple Shears, '' Proceedings of the Royal Society 
of London, Vol. 213A, 1952, pp. 3-26. 

P. W. Davis and B. Wilshire, "Void Growth During Secondary Creep, I' 

Philosophical Magazine, Vole 11, Jan. 1965, pp. 189-190. 

P. A. Lilienthal, "Description of a Torsion System with Exploratory 
Data on Accelerated Creep Due to Multiple Stress Reversals, I' 
MS Thesis: Department of Theoretical and Applied Mechanics, 
University of Illinois, 1967. 

C. S. Barrett, Structure of Metals, McGraw-Hill Book Company, Inc., 
New York, 1953, p. 337. 

F. Garofalo, Fundamentals of Creep and Creep Rupture in Metals, 
The MacMillan Company, New York, 1963, pp. 127 -146, 

K. U. Snowden, "The Effect of Atmosphere on the Fatigue of Lead, I' 
Acta Metallurgica, Vol. 12, 1964, pp. 295-303. 

S. Takeuchi and T. Homma, "On the Characteristics of Grain Boundary 
Migration in  Pure Metals under the Fatigue at Elevated Tempera- 
tures, '' Transactions of the Japan Institute of Metals, Vol, 7, 
1966, pp. 39-46. 

J. T. Blucher and N. J. Grant, "Low Strain Rate, High Strain Fatigue 
of Aluminum as a Function of Temperature, I' Transactions of the 
Metallur'gical Society of, AIME , Vql. 239, 1967, pp. 805 -8 13. 



14 

d 
0 

2 cd 

E 
a, 
ffi 

y-l 
0 

c 
E 
E 
cd 

1 m 

In 4 l-l rl co In In 

y-i 
0 
E: 
0 

3 c, 
+I 
0 
d 
0 
.d 

m m 0 2 co a cy 
0 
Q 

I . '  cy cy In In m m In In In 
6 d 0 d d 

h 

2. 

F 
0 
0 
r( 
l-l 

n 

", 
E 

n 
In v 

y-i 
0 

cy cy 
k k 
0 0 
l-l l-l 

E I+ E I+ 
In In 
d d 



15 

a 
0 

a, 
lz 

a 
a, m 
k 
a, 

k 
% 

a 
k 

a, 
k 

$ 

n 
r- 
v 

U 
cd 

n 
h 
W 



16 

Table 2 Chemical Composition of Chemical Lead 

Ag 0.002%< < 0.020% 

c u  0.040%< < 0.080% 

As + Sb $. Sn < 0.02 % 

Zn < 0.001% 

Fe < 0.002% 

Bi < 0,005% 

Pb > 99.90% 

(ASTM B29 -55) 
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Specimen 

( C )  

Circumferential 
Sur face 

cc 
i ID 

Maximum Shear 
Oirec t ions 
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( d) Longitudinal 
Cross Section 

Fig.4 Cross Sections and Surfac 
of a Specimen after Reversed 
Creep ( T=05Tm, 1,=+640psi, 
AY= 0.047) Showing that Grain 
Shape Is Orthorhombic. 

, 0 .2mm , 
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( a )  Before Testing 
(b )  After Reversed Creep, 
T= 0.5 T,, Q= f 640 psi, AT= 0.047 

(c 1 After Reversed CreeD. ( d )  After Reversed Creep. 

Fig.6 Surface of Chemical Lead Specimens after 
Reversed Creep at Various Temperatures 
( After Chemical Polishing ) 

a Max. Shear 
Directions 
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Fig.8 A Representative X-ray 
Diffract ion Pat tern of Chemical 
Lead after Reversed Creep 
under T,=+64Op~i ,  T=0.5Tm , 
AY=0.047 (Gu-K, Radiation, 
Beam Diameter I mm). 
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(a) Before Test 

(d) 28 th  Reversal 

(b) First Reversal 

(e) 40th Reversal 

( c )  15th Reversal 

( f )  67th Reversal 

. 0.5mm . 

Fig. 9 Periodic Observation of Grain Structure 
during Reversed Creep Test, Showing the 
Progressive Formation of a Rectangular 
Network of Grain Boundaries 
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Max. Shear 
Directions 

Fig. 12 
Static Creep in the Irregularly Shaped 
Grain Structure ( T=Q.5Tm, r=6QOpsi,  
7=0.047). 

Grain Boundary Sliding during 
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