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FOREWORD 

This report was prepared by ManLabs, Inc. under Contract No.  
NAS8- 11091, P R  1-4-50-01166-01 (lF), CPB 02.1212-64, "Development 
of S t ress  Relief Treatments for High Strength Aluminum Alloys", for the 
George C. Marshall Space Flight Center of the National Aeronautics and 
Space Administration. 
rection of the Propulsion and Vehicle Engineering Laboratory, Materials 
Division of the George C. Marshall Space Flight Center with Mr. W .  B. 
McPherson acting as project manager. 

The work was administered under the Technical di- 



ABSTRACT 

The response of residual stress,  strength and toughness of three 
high strength aluminum alloys subjected to time-temperature treatments 
has been characterized. Residual stress distributions in a variety of 
alloys in several thicknesses were measured in both the as-heat-treated 
and stress-relieved conditions. 
relief in aluminum alloys is highly dependent on the relief history of the 
particular stress under consideration, Furthermore, it is demonstrated 
that a s t r e s s  increment added to  an existing s t r e s s  undergoing a time 
temperature treatment will relieve at a rate that is characteristic for the 
material ,  i. e. , the ra te  of stress-relief for the stress increment is 
independent of both the magnitude of the previously existing s t ress  and the 
amount of relief the previously existing s t ress  has already sustained. A 
mechanism for residual stress-relief with microstrain playing the major 
role is proposed. This mechanism is capable of explaining the behaviors 
observed in a wide variety of experiments which were conducted in an  
attempt to shed light on the mode of stress-relief in high strength aluminum 
alloys. 

It is shown that the rate  of residual s t ress -  
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INTRODUCTION 

A .  Background 

- I. 

This report covers the work accomplished during the second 
12 month period of a program to investigate residual s t resses  in high 
strength aluminum alloys and their relief by means of t ime-temperature 
treatments. 

During the first twelve inonth period, a specimen was de- 

Using this specimen, the time- temperature 
veloped for  measuring the rate  at which stress-relief occurs during time- 
temperature treatments. 
stress-relieving characterist ics of six high strength aluminum alloys were 
determined over a range of temperatures and for times up to 100 hours. 
The effects of time-temperature treatments on the tensile and fracture 
toughness properties were also determined. 
residual stress-relief expressed as a percentage of the initial s t r e s s ,  is 
largely independent of the magnitude of the initial s t r e s s .  
stress-relief was shown to be highly dependent on temperature,  t ime and 
to the amount of stress-relief that has already taken place. 
i t  was shown that i n  most of the heat treatable alloys, moderate amounts 
of residual stress-relief can be obtained without seriously affecting the 
tensile strength properties. In the single work-hardened alloy investigated, 
i t  was found that essentially complete residual stress-relief can be obtained 
with little effect on tensile strength properties. 
residual s t r e s s  analyses made on plate and forged materials,  reveal that, 
although essentially equi-biaxial residual s t r e s ses  exist in the aluminum 
alloys heat-treated to the T6 condition, the residual s t resses  existing in  
the work-hardened alloy, 5456-H343, vary considerably with respect to 
rolling direction. 
indicate low residual s t r e s s  values due to welding. The time-temperature 
residual stress-relieving characteristics of welded material  were shown to 
differ only slightly f rom those of the parent plate. 

It was found that the rate  of 

The rate  of 

Furthermore,  

Through the thickness, 

Residual s t r e s s  analyses of multiple pass butt weldments 

B. Obiective and ScoDe 

The pr imary objective of this program was to develop s t r e s s -  
relief treatments for forgings, plate and welded stock of high strength 
aluminum alloys and to study their stress-relief behavior with respect to 
previous history . 

In addition, a concurrent objective was  to determine the effect 
of time-temperature s t r e s s  -relieving treatments on the tensile and fracture  
tolghness properties of these alloys. From these data, optimum time- 
temperature stress-relieving treatments for a specific application can be 
obtained f o r  each of the alloys investigated. 

A secondary objective was to  determine quantitatively the r e -  
sidual s t r e s s  distributions in plate, welded plate and in forgings of varioils 
thicknesses. 



In addition to the six high strength aluminum alloys already 
under study, three alloys of current interest  were selected, 
7 106-T63 and 7 139-T6. 

i. e . ,  7178-T6, 

Particular emphasis was placed on the effect of specimen 
history since it was shown previously that the rate  of residual s t ress-re-  
lief is highly dependent on the amount of residual s t r e s s  that has already 
been relieved. 

2 



11. MATERIALS 

Studies were conducted on three new alloys, 7178-T6 in the form of 
forgings, 7039-T6 and 7104-T63 in the form of rolled plate. 

The 7 178- T6 forgings were procured from the Wyman-Gordon 
Company in  the form of pancakes having nominal thicknesses of 1/2, 1, 2 
and 3 inches. 
1/2 inch thickness to 18 inches for the 3 inch thickness. 

The diameter of these forgings ranged from 8 inches for the 

The Alcoa alloy, 7106-T63 war in very short supply (except in  one 
ton minimum lots per thickness from the Aluminum Company of America). 
Eventually, however, one sheet each of 1/2 and 1 inch thicknesses was 
obtained from the Southwest Research Institute. 

The Kaiser alloy, 7039-T6 was obtained free of charge in all neces- 
sa ry  thicknesses through the courtesy of the Kaiser Aluminum Company. 

3 



III. EXPERIMENTAL PROCEDURES 

A. Measurement of Residual Stress-Relief 

The design of one type of stress-relief specimen used is a modi- 
fication of the "split-ring" specimen used by Brown and Cohen (1*) and 
Oding (2) and i s  illustrated in Figure 1. 
heavy end of the specimen is to apply a s t r e s s  of predetermined value in the 
r ing  portion of the specimen; the s t ress  in the a r m s  is considered to be 
negligible. The eccentricity of the ring is designed to give essentially the 
same maximum surface s t ress  a t  any point around the circumference. 
Since this specimen i s  s t ressed by bending, s t resses  vary in magnitude from 
zero at the neutral axis to  a maximum a t  the surfaces. Furthermore,  
because of the considerable radial thickness of the ring, the internal surface 
s t resses  a re  greater  than the external surface s t resses  and of opposite sign. 
Although it can be argued that a uniaxial tensile specimen would be prefer- 
able to this bend specimen because of the s t r e s s  gradients in  the latter,  it 
would be considerably more difficult to use from an experimental standpoint. 
Furthermore, during the f i rs t  phase of this program, it was found that the 
per cent of stress-relief in aluminum alloys was largely independent of the 
ap2lied s t ress  level. 
to have little effect 03 the results. 

The function of the screw at the 

Thus, the s t ress  gradient in this specimen i s  believed 

The difference in  s t ress  between the inner and outer surfaces of 
the ring was calculated and later experimentally verified by s t ra in  gauges. 
F o r  this specimen design, the magnitude of the external surface s t r e s s  i s  
0.58 times the internal surface s t ress .  
to 185 psi  times the distance the a rms  a r e  spread in thousandths of an  inch. 
Thus, any desired s t ress  may be imparted to the specimen by spreading the 
a r m s  a t  precalculated amounts. As shown in Figure 1, reference marks 
a r e  scribed on the a rms  of the specimen and a traveling stage microscope 
is used to measure the distance between the marks.  

The internal surface s t r e s s  is equal 

The steps employed in using this specimen to determine the 
effect of time-temperature treatments on residual s t r e s s  a r e  outlined in 
Table 1. 

During the second phase of this program a new specimen was 
designed for the determination of residual stress-relief and is shown in 
Figure 2. A value for residual s t r e s s  is obtained by measuring the deflec- 
tion of the specimen after it is  cut a s  shown in  Figure 2 to relieve the 
residual s t resses .  The thickness of this specimen i s  thought to be of little 
consequence except when specimens a r e  to be fully heat-treated (i.e., any 
heat treatment including solution treating and quenching). In this case  it i s  
considered necessary to have the specimen thickness a t  least equal to that 

Wnderscored numbers in parentheses designate References given at end of 
r epo r t  . 

4 



TABLE 1 

PROCEDURE FOR THE MEASUREMENT O F  THE RELIEF 

O F  RESIDUAL STRESS USING THE MODIFIED 

SPLIT-RING SPECIMEN (FIGURE 1) 

1. Determine desired s t ress  level and measure no-stress  
distance, S, between scribe marks.  

2. By adjustment of the screw, increase the separation of 
the scribe marks by the distance calculated to give the 
desired s t ress  level. The new total distance between 
the scribe marks is S 1. 

Hold a t  temperature in a suitable liquid bath for a pre- 
determined time. 

3.  

4. Allow specimen to cool to ambient temperature,  loosen 
screw and measure the distance (S2) between the 
scribe marks.  

5. Calculate the per cent of stress-relief by the formula: 

s,-s 

6 .  Reset gap between scribe marks to distance S1 and 
reheat for an  additional time period. 

7. Repeat above procedure until the cumulative time at  
temperature reaches 100 hours. 

5 



of the parent plate in order  to  simulate more closely the quench rates 
that prevail in  ful l  size plates. 
stress-relieving treatment i s  required, specimen thickness i s  held to 
1/4 inch. 

Thus , where no heat treatment o r  only a 

This specimen was chosen fo r  the following reasons: 

1. It was shown previously that, when measurements of 
the relief of residual s t ress  a r e  required, measurements taken a t  one 
point (e.g. ,  on the surface) can be very misleading particularly if large 
residual s t ress  gradients a r e  present. 
that the changes in surface strains during the stress-relief treatments 
a r e  influenced by the changes in internal strains during these treatments. 
Thus, a measurement based on stress-relief over the entire section is 
neces sary . 

This can be explained by the fact 

2. The method used previously, i . e . ,  making through the 
thickness residual s t r e s s  analyses on as-heat-treated and on as-heat-  
treated and stress-relieved specimens and taking the average s t r e s ses ,  
is very time consuming and costly. 

3 .  
residual s t ress ,  it can give accurate values fo r  the average percentage 
change in residual s t r e s s .  

Although this specimen cannot give absolute values f o r  

- 
B. Measurement of Residual Stress  Distribution 

For  the purposes of this program, a relatively simple method 
for the accurate determination of residual s t r e s s  distribution was employed. 
The selection of this method for the determination of residual s t r e s s  dis- 
tribution was made based on the following assumptions; 

1. Residual s t resses  in the direction normal to the surfaces 
of the plate a r e  essentially zero,  because in a reas  remote from the edges 
the processing of the plate i s  consistent in all locations. 
identical residual s t r e s s  patterns exist a t  a l l  points and since the plate is 
a t  res t  their net effect i s  zero,  
to  zero.  

Therefore, 

It follows then that these s t r e s ses  a r e  equal 

2. The residual s t resses  parallel  to the surface on heat-treated 
This assumption is based on the fact that these plates a r e  equi-biaxial. 

s t r e s ses  result from heat treatment which i s  a nondirectional process. 

The validity of these assumptions was demonstrated by the results of investi- 
gations documented in the report submitted f o r  the f i r s t  twelve month period 
of this program (3) .  - 

The following experimental method of residual s t r e s s  determina- 
A narrow str ip ,  approximately 1/4 inch thick, was machined tion was used. 

f rom the center of the plates to  be studied. These materials supplied in the 

6 



T65 1 (i. e . ,  stress-relieved) condition, were reheat-treated to the T6 
condition in the form of 10 inch square plates. 
was 1/4 x 1 x 10 inches. 
t ransverse strains were relieved and, although corrections for these would 
be required in the calculations, experimental measurements of only the 
longitudinal strains were required. 

Thus, the specimen used 
By cutting this thin s t r ip  f rom the plate, the 

An S R - 4  st rain gauge was positioned longitudinally in the 
geometrical center of each side (i. e . ,  machined cross sectional surface) 
of the test  specimen. The two gauges were connected in ser ies  and thas,  
effectively compensated for the effect of any bending of the specimen that 
might occur. The active length and width of these gauges i s  3/4 inch and 
5/32 inch, respectively. The resistance of the gauges was measured 1 x 1  a 
Baldwin S R - 4  Type N s t ra in  indicator which reads s t ra in  changes directly 
in 1-1 inch/inch. 

After measuring the resistance of the gauges, a thin layer 
(. 025 inch) was carefully machined from each edge of the specimen (i. e . ,  
from the original plate surface) in a shaping machine, using a very sharp 
tool and limiting the depth of the final cut to 
equal amount of material  from both the top and bottom surfaces of the 
spscimen, bending was avoided and the calculations could be greatly sim- 
plified. 
measured, the strain change noted and coiverted directly to s t r e s s  (i. e . ,  
s t r e s s  change in remaining part  of specimen) by the following formula: 

.005 inch. By removing an  

After removal of the two layers, the s t ra in  gauges were re-  

A 0  = EAe 

where A 0  = Stress change 

E = Young's modulus 

A e  = Strain change 

Since the force change resulting from the s t r e s s  change in 
the remaining part  of the specimen was exactly balanced by the force r e -  
sulting from residual s t r e s s  in the layer removed, the relationship between 
the two s t r e s s  values was inversely proportional to their  cross-sectional 
a r eas ,  hence 

where 

T - 2t T - Zt 
E A e  Zt = DO- = 

2t 

Oz 
T = Original specimen -width 

t = Thickness of each layer removed 

= Average stress in layers  removed 

Since the s t r e s s  in the layers removed was uniaxial, whereas before 
spscimen was cut it was equi-biaxial, a correction (1 t v /  1 - v2) for  the 
effect of t ransverse s t r e s s  had to be made. 

the 
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Therefore, 

l t u  l t v  

1 - v  1 - v  
2 ( J z  =: - E A  (5 = -  

2 0 

where Oo is the original s t ress  existing in the layer 
plate. 

T - 2t 
2t e 

removed from the 

The same procedure was followed for each succeeding pair 
of layers removed. 
for the effect of the s t r e s s  in the preceding (removed) layers was made. 
This correction is simply equal to the sum of the s t ra in  changes in the 
remaining section resulting from the removal of a l l  the previous layers.  
The residual s t r e s s  in the xth layer to be removed, uncorrected for 
t ransverse s t ress  is  given by: 

However, fo r  each pair of these layers a correction 

- ( n e l  t Le2 - - -  t De ) (3) T - 2xt 
(5 = EAe 

X x 2t x- 1 

This method of residual s t r e s s  analysis assumes that the 
residual s t ress  distribation is identical f rom either surface to the center 
of the plate. 
used to carry the s t ra in  gauges, the last approximately 0. 1 inch cannot be 
machined away and hence, the residual s t r e s s  in this a rea  must be esti-  
mated. 
of residual s t ress  near the mid-thickness position i s  normally very low. 

Furthermore,  since the center section of the specimen is 

This is of little consequence, however, because the rate  of change 

The assumption that the s t resses  parallel to the surface of 
heat-treated aluminum plate a r e  equi-biaxial, does not apply to the work- 
hardened 5456-H343 alloy. Since the residual s t r e s ses  in this material  
result from cold work (i. e. ,  rolling, which is a directional process as 
opposed to heat-treating which is nondirectional), a ~ r e c t i o n a l  effect was 
anticipated and spzcimens were cut f rom both the longitudinal and t rans-  
verse  orientations. 
specimens were made using Eq. (3) above. 
s t r e s ses  in this alloy a r e  not equi-biaxial, the correction used previously 
for the effect of the t ransverse s t r e s s  (which exists in the plate, but is 
relieved in the s t r ip  specimen) does not apply. 
was used for the effect of t ransverse s t r e s s  in each layer removed: 

Calculatiom for residual s t r e s ses  in the s t r ip  
However since the residual 

The following correction 

where 

E(1.223 (Jl 

Residual s t r e s s  in the longitudinal di- 
rection in the original plate. 

t .370 Ot ) 
1 1 

(4) 

Residual s t r e s s  a s  determined from the 
s t r ip  specimen cut in the longitudinal direction. 

Residual s t r e s s  as determined from the s t r ip  
specimen cut in the t ransverse directi0.n. 

Young' s modulus. 
Poisson 's  ratio. 
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The derivation of Eq. (4) i s  given below: 

e l  a n d c t  x 

E l l a n d E  = 

and Ot 
1 

Residual strains in longitudinal and 
t ransverse directions in plate ma- 
t e r ia l  (biaxial case).  

Residual strains in longitudinally 
and transversely oriented s t r ip  
specimens (uniaxial case).  

The s t resses  corresponding to the s t ra in  
values € 1 '  € 1  

(In the uniaxial case,  the s t resses  and strains a r e  simply related to each 
other by Young's modulus, in the biaxial case they a r e  not.} 

IT 

i.e. , - "t 1 
- 7- E 

I v o  

E E 
- Ot 
- - e -  E 

t and 

But, z t  = E because (neglecting end effects which a r e  nonexistent in 
the center of t  ' the length of the strip specimen) there can be no change in 
the length of the s t r ip  specimen when it i s  cut from the plate since the 
average axial s t r e s s  remains equal to zero. 

i .e.  , 

similarly 

i .e. ,  

at = 0 t v(Tz 

(-5 = Ol t 

at = at t u [ a z  t v ( 0  t v (OZ t v  e .  .)}I 

= 0 ( 1 t v 2 t v  + v  . . . ) t  az ( v t v  t v  ,) 

t v o  

1 1 1 

4 6  3 5  

4 1 

Assuming a value for  Poisson's ratio of .33 : 

Ot E 1. 122 Ot + .370 Oz 
1 1 

P 1. 122 OZ + .370 Ot 
1 1 
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C. Tensile Testing 

Tensile tes t  specimens with a nominal gauge length of 2 inches 
and a gauge diameter of 1/4 inch were used to determine the as-heat-treated 
tensile properties and the changes in these properties resulting from time- 
temperature stress-relief treatments. 
trated in Figure 3. 

Details of this specimen a r e  illus- 

The details of the experimental arrangement used for testing a t  
-320°F a r e  shown in Figure 4. Initially, specimen elongation for yield 
strength determinations were obtained by the use of SR-4 s t ra in  gauges 
cemented to  the specimens. It was found, however, that good agreement 
(2 ~10/0) for  yield load could be obtained by using an extensometer which 
measured cross-head movement. 
a t  this low temperature the strain gauges occasionally loosened from the 
spzcimen before the .2% st rain was reached, cross-head movement was 
used for the determination of .2% yield load in a l l  subsequent tests a t  -320'F. 

For reasons of economy and the fact that 

Tensile testing at  -423'F was car r ied  out by the Convair Division 
of General Dynamics. 

D. Fracture Toughness Testing 

Fracture toughness measurements were made using the fatigue 
pre-cracked Charpy impact test. 
well established a t  this laboratory and elsewhere (4,5). - -  
ducted in the same manner a s  the conventional Charpy test  except that: 

The significance of this tes t  has been 
The tes t  i s  con- 

1. V-notches a r e  sharpened by fatigue cracking to a depth 
of approximately .030 inches. 

2 .  The results a r e  evaluated in te rms  of energy per square 
inch of fracture a rea ,  i .e . ,  in-lbs/in2, termed W/A.  

Standard s ize  specimens, .394 inch square were used throughollt 
Specimens tested a t  -320°F were cooled in liquid nitrogenfor this program. 

several  minutes before being transferred to the impact machine and broken; 
a procedure requiring only two o r  three seconds. The impact testing was 
performed using a M U  machine of special design (CIM-24) which has high 
accuracy and reliability, 

E. Welding 

The alloys used for welding investigations in this phase of the 
program were 5456-H343, 7106-T63, 7039-T651 and 2219-T651. 

During the initial phase of the program, all welding on 2014-T651 

It was found, however, that this technique produced welds which had 
and 606 1- T65 1 w a s  accomplished by multi-pass built welds using the MIG 
process. 
nomniform residual s t resses  from one weld to  another. 
welding portion of this phase of the program was car r ied  out using circular ,  
single-pass, bead-on-plate welds by the MIG process.  

For  this reason, the 
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IV.  EXPERIMENTAL RESULTS 

A .  Relief of Residual Stresses by Time- Temperature Treatments 

The residual stress-relieving characterist ics of 7 178-T6 
forgings, 7106-T63 plate and 7039-T651 plate, a s  determined by the modi- 
fied split ring specimen, a r e  presented in Figures 5, 6 and 7. 

It is interesting to note that there is little difference in the 
curves obtained for all three alloys. A comparison of these results with 
those obtained on the 7075-T651 and the 7079-T6 alloys (3) shows almost 
identical behavior. 

- 

All of the seven ser ies  alloys investigated have comparable 
zinc content and, in  addition, a r e  all aged at  approximately the same 
temperature. 
and i t  would appear that the minor differences in composition among the 
several  alloys have little effect o n  stress-relieving characteristics. 

This explains the similarity of stress-relief characterist ics 

B. Effect of Time- Temperature Treatments on the Mechanical 
Properties of  Aluminum Alloys 

1. Tensile Properties 

The effect of time-tempera%ure treatments 013. the tensile 
yield and ultimate strength of 7178-T6, 710h-T63 and 7039-T651 a t  room 
temperature,  -320°F and -423OF are  presented in Figures 8 through 23. 
The relatively high strength and low ductility of 7 178- T6 is demonstrated 
a t  all tes t  temperatures in contrast to the relatively low strength and high 
ductility of the other two alloys. 

With respect to loss of tensile strength with time- 
temperature treatments,  these data a r e  typical of %hose found for the other 
seventy ser ies  alloys. 
strength to s ta r t  with, ap2ear to  overage about a s  readily a s  the other 
alloys tested. 
levels reported in as-welded joints in these materials.  

The 710h-T63 and 7039-T651, of relatively low 

This is an unexpected result in view 0.f the high strength 

Figures 25 through 3 1 il lustrate %he relationship between 
remaining residual s t r e s s  and both loss of yield and loss of ultimate 
strengths for 7178-T6, 7104-T63 and 7039-T651, after various time- 
temperature treatments when tested at room temperature. 
clearly show the loss of strength which must be expected for any particular 
reduction in residual s t r e s s .  F o r  moderate amoclnts of residual stress- 
relief, i. e . ,  about 4070, a loss of approximately 10% can be expected in 
both yield and ultimate strengths in all three alloys. It is interesting to 
note that, with the possible exception of the 7 178-T6 material  the relationship 
between remaining residual s t r e s s  and loss of strength f o r  each alloy is 
essentially independent of the particular time-temperature treatment used to  
obtain a given reduction in  residual s t ress .  

These figures 



The very high strength and low drictility of the 7 178 alloy 
in the as-received condition has resulted in  almost identical values for 
yield and ultimate strength when tested at  -320OF and -423OF (Figures 9, 
10, 18 and 19). Ductility r ises  rapidly however, a s  the severity of the 
time-temperature treatment increases and is reflected by an increasing 
ultimate strength/yield strength ratio. 
elongation and reduction in a rea)  were made on all three alloys and a r e  
presented in Tables 2 throug3 4. 
fo r  the 7 178-T6 material  in the as-received condition when tested at  the 
lower temperatures. 

Ductility measurements (per cent 

Note the very low ductility values recorded 

2. Fracture  Toughness P r o p r t i e s  

Fracture  toxghness measurements, using the pre-cracked 

The object of these tes ts  was to indicate toughness 
Charpy test, were made on all three materials af ter  a variety of time- 
temperature treatments. 
trends and provide assurance that no dangerous loss of this material  property 
ressl ts  f rom any of the time-temperature stress-relieving treatments employed. 
Throughout the entire investigation it has been found that, with a few rather 
insignificant exceptions, fracture toughness in the fully heat-treated alloys 
being studied i s  enhanced rather than degraded by the stress-relieving 
treatments. 

Charpy tests of the 7106 and 7039 alloys indicated a 
severe laminated coidition in both these materials. 
gated in a direction normal to the original plate surface severe splitting 
across  the path of fracture occurred resulting in fictitiously high W / A  values 
and excessive scatter. 
from specimens cut and notched so that crack propagation was parallel  to 
the plate surfaces and across  the major rolling direction. Thus, the effect 
of the laminatiom was minimized, but even so ,  scat ter  was severe and the 
values obtained should only be used as indications of fracture toughness trends. 
Fracture  tonghness in these two alloys i s  in a l l  cases very high and increases  
with time-temperature treatments. Curves illustrating the effect of time- 
temperature treatments on fracture toughness a t  room temperature and a t  
- 3 2 0 O F  for  7178, 7106 and 7039, a r e  presented in Figures 32 through 37. 

When cracks were propa- 

The data presented for these two alloys were obtained 

The fracture  toughness values of the 7178-T6 mater ia l  
when tested at  room temperature and -320OF in  the as-received conditio2 
a r e  lower than those of any of the other alloys tested. 
ment with the results obtained on the other alloys, f racture  toughness i s  en- 
hanced by time-temperature s t res  s-relieving treatments. 

However, in agree- 

C. Residual Stress  Magnitude and Distribution 

In order  to determine the magnitude and distribution of residual. 
s t resses  in plate and forgings, both in the as-received and in the s t ress -  
relieved conditions, it was necessary to make through-the-thickness s t r e s s  
analyses. This technique is described in Section IiI . 
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1. 7075-T6 Plate and Forginxs - 

In ear l ier  work (3), i t  was shown by through-the-thickness 
residual s t ress  analyses, that the Fesidual s t resses  in rolled 7075-T6 plate 
were much higher than in forged 7075-T6 plate. This unexpected result was 
questioned and the following additional work was carr ied out. A piece ofthe 
7075-T6 forged plate was machined down to  one inch thick, resolutionized 
and quenched in water a t  about 60°F. 
was conducted on a coupon cut f rom the center of this forging. 
ing the residual s t r e s s  distributions in this coupon together with those f rom 
coupons cut from the same forging before reheat treatment and from a reheat- 
treated 1 inch thick plate, a r e  presented in Figure 38. Note that the reheat 
treatment greatly increased the residual s t r e s ses  in the forging, althoughthe 
residual s t resses  in the reheat-treated rolled plates a r e  st i l l  considerably 
higher. 
ficant effect on residual s t ress .  The fact that the residual s t resses  in the 
reheat-treated forging were lower than those observed in the rolled plate 
may be due to a size effect. 
whereas the forging (which was the largest  piece of 1 inch thick forging 
available) had maximum measurements of about 8 inch x 10 inch. 
long edges of the forging was part of a 7-1/2 inch radius circle so the over- 
a l l  size of this piece was even smaller than the maximum measurements 
indicate. 

---- 

A through-the-thickness s t r e s s  analysis 
Curqes show- 

Thus, i t  appears that heat treating variables can have a very signi- 

The rolled plate coupon was 10 inch square 

One of the 

In order  to further confirm the observed variations in 
residual s t resses  between forged and rolled material  and to investigate the 
effect of heat treatment variables on residual stresses,an experiment was 
conducted using 1 inch square by 5 inch long specimens. 
solution treated and quenched in groups of 4, wired together side by side with 
dummy specimens around the periphery to simulate a s  closely a s  possible 
the quench conditions pertaining to  one inch thick plate. The results f rom 
these tests scattered so badly that no useful conclusions could be drawn. 
reason for  the scatter was believed to be unequal cooling during quench r e -  
sulting from the formation of steam pockets. The experiment was therefore 
repeated, each specimen being quenched independently in a brine solutioi 
to minimize the formation of steam pockets. Since these specimens were 
cooled equally on a l l  four sides during quench, identical residual s t resses  
would be expected 02 each face. Thus, each specimen could be split in two 
directions, normal to each ofher,  and two measurements made for  residual 
s t ress .  Specimens were tested in duplicate, hence, 4 values for each con- 
dition were available for plotting. These data for 7075-T6 a r e  presented in 
the bar graph of Figure 39. 
forged material and the effect of quench bath temperature on residual s t ress .  
The maximum residual s t r e s s  values a r e  nominal values and were calculated 
assuming that the residual s t r e s s  decreased uniformly from surface to  center 
of specimen, 

The specimens were 

The 

Note the much lower residual s t r e s s  in the 
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2. 7 178 Forgings 

The through-the-thickness residual s t ress  distributions 
both before and after stress-relief for three thicknesses of 7178-T6 
forgings a r e  presented in Figures  40 through 42. 
cular in  shape, about 15 inches in diameter, with thicknesses of 1.3, 2.4 
and 3.3 inches. The magnitude and distribution of residual s t ress ,  including 
the maximum s t ress  values, a r e  approximately the same for  each thickness. 
This is in contrast to the results obtained on 7075-T6 forgings where an 
increase in maximum s t r e s ses  was observed with increasing thickness (3). 

These forgings were c i r -  

- 

3. Stress  Distribution in Other Alloys 

Data have been obtained by residual s t ress  analyses in  the 
through-the-thickness direction for two thicknesses of 2219-T6 plate, and 
a r e  presented in Figures 43 and 44. It can be seen that higher residual 
s t r e s ses  occur in the thicker plate as was observed in the 7075-T6 forgings. 
Note a l so  that the residual tensile s t resses  in the central  portion of the 2inches 
thick plate initially increase from the center outwards. This behavior was 
not observed in the other heat-treated alloys and the reason for this result 
is not clear.  

Figure 45 illustrates the residual s t ress  distribution 
through the thickness of a 2 inch thick plate of 7039-T6 i n  the as-received 
condition. 

D. Stress-Relief 

In order  to determine the effect of time-temperature treatments 
on the residual s t resses  in plate, an evaluation of the residual s t r e s s  dis- 
tributions through the thickness of the plates in the as-received and in the 
s t ress-rel ieved condition was  made. For  this purpose the average residual 
stress ~ l u e s ,  dirregarding sign, were taken as a measure of the effective 
magnitude of residual s t ress .  These values were obtained by dividing the 
sum of the a r e a l  between the curve and abscissa by the plate thickness. 
Values for per cent residual s t ress  remaining were calculated and compared 
with predicted results obtained from modified split-ring specimens , sub- 
jected to similar time-temperature treatments. 

The remaining residual r t res r  vs. time curves obtained from 
modified split-ring specimens clearly show that the ra te  of streiss-relief 
in aluminum decreases rapidly with increasing amounts of s t ress-rel ief .  
Since the residual s t resses  in heat-treated plate occur during the quench 
following solution treatment and a r e  partially relieved during the subse- 
quent aging treatment, the residual s t resses  resulting from heat treatment 
of plate would be expected to  relieve more slowly during subseque& time- 
temperature treatments than the new (i. e. , not partially relieved) s t r e s ses  
induced in the modified split-ring specimens. Thus, for predicting the re -  
maining residual s t ress  in heat-treated plate, after a particular time- 
temperature treatment, it is necessary to duplicate in the modified split-ring 



specimen a residual s t ress  that had been subjected to  the same thermal- 
mechanical history experienced by the residual s t resses  in the heat-treated 
plate. The procedure used fo r  this purpose is  described in the following 
section where data a r e  presented for the 7 178-T6 alloy. 

The residual stress-relieving characterist ics of 7 178-T6 forgings, 
a s  determined with the modified split-ring specimen, a r e  presented in 
Figure 5. A comparison of these results with those obtained from 7075-T6 
(Figure 10 in Annual Report #1) shows essentially identical behavior; the curves 
f rom one a l l o y  practically superimposing on those of the other a t  each tem- 
perature.  Figure 46 illustrates the effect of prior relief on the rate  of residual 
s t ress-rel ief  that occurs during the aging part of the heat treating cycle. In 
this experiment two modified split-ring specimens in forged 7178 were solu- 
tionized and water quenched. The a r m s  of all four specimens were then 
plastically spread about .05 inch to relieve quench induced residual s t r e s ses  
in the test  sections. One specimen was then s t ressed to i ts  yield strength to 
simulate, with a s t r e s s  of known magnitude, the actual residual s t r e s ses  
that would occur in plate due to the quench. Both specimens were then aged. 
After aging, the s t ressed specimen was unloaded and both the remaining s t r e s s  
and the amount of s t ress-rel ief  that had occurred during the aging was de- 
termined. This specimen was then restressed,  exactly a s  before unloading 
and the companion specimen was s t ressed to the same s t r e s s  value. 
of time-temperature treatments (350°F for  times up to 25 hours) on the residual 
s t resses  in these specimens was determined. 
men aged in the s t ressed condition relieves more slowly than the specimen 
aged in the unstressed condition, reflecting the effect of the previous relief 
(occurring during aging) on the rate of subsequent stress-relief.  
the amount of residual stress-relief which resulted from the aging treatment 
was 1670. 
the as-received material superimpose on the results f rom the reheat-treated 
specimen, aged in the unstressed condition. 

The effect 

Note in the figure that the speci- 

In this case,  

Note also, on the lower curve of Figure 46, that the results f rom 

As can be seen by reference to the upper curve of Figure 44, the 
remaining residual s t r e s s ,  as  determined under the conditions described above, 
was 54 per cent. This value may be compared with the 65, 64 and 7470 ob- 
tained by through- the-thickness analyses made on the three thicknesses of 
forged 7178 material (see Figures 40, 41 and 42). 

E. Mechanisms of Stress-Relief 

1. Effect of Previous Stress-Relief History 

It has been demonstrated and reported in ear l ier  progress 
reports that the percentage rate  a t  which residual s t ress - re l ie f  occurs in 
aluminum i s  largely independent of the magnitude of the residual s t r e s s .  As 
s t r e s s - r v i e f  progresses,  however, the ra te  of relief decreases very rapidly 
until af ter  100 hours, little change is taking place. Since overaging, evidenced 
by the loss of tensile strength, occurs concurrently with s t ress-rel ief  and a s  
the rate a t  which it occurs also decreases with time a t  temperature,  it would 
seem logical to assume that s t r e s s -  relief might be associated with local volume 
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changes resulting from the overaging phenomenon. Such, however, does 
not appear to be the case. In the s t ress  cycling experiments (see Figures 105 
and 106, 1st Annual Report), where s t resses  were reversed every 24 hours, the 
rate of s t ress-rel ief  was just a s  fast on the last  cycle a s  on the f i r s t ,  in spite 
of the fact that overaging was proceeding much more slowly during the last 
cycles. 

In order to t r y  and shed some light on the mechanism in- 
volved, a carefully controlled experiment was run, using six of the modified 
ring type specimens, all stress-relieved simultaneously in the same salt bath 
with temperature controlled to t 2 F or better. One object of this experiment 
was to  determine whether any o l e  of a se r ies  of multiple s t r e s ses  applied to 
a specimen at different times during a time-temperature treatment would 
relieve at the same ra te  as a single s t r e s s  of the same magnitude applied to  
a n  otherwise unstressed specimen. This experiment closely simulated the 
s t r e s s  cycling experiment, referred to above, except that the successive 
s t r e s ses  were all applied in the s a m e  direction, ca re  being taken not to exceed 
the lowering yield strength of the material. 

0 

The experimental details were a s  follows: 
modified ring type specimens were cut f rom one piece of rolled 7075-T651 
plate; four of these specimens were s t ressed to 20 ksi  and two were s t ressed 
to 7 .5  ksi .  The six specimens w e r e  placed in a salt bath a t  400°F in pairs 
at 30 minute intervals to  allow time for  their removal a t  selected staggered 
t ime intervals f o r  measurement of remaining s t r e s s ,  restraining and return 
to the bath. 
1 hour, 5 hours and 24 hours. 
ksi  and the two loaded initially to 7 . 5  ks i  were,  thereafter,  removed and 
measured at  24 hour intervals until a total stress-relieving t ime of 144 hours 
was accumulated. 
were given an  additional load of 7 .5  ksi  and returned to the salt  bath. 
Measurements of remaining residual s t r e s s  on these two specimens were 
made after accumulated times of 1, 5 and 24 hours. 
peated every 24 hours until these specimens had been subjected to a total 
t ime at temperature of 144 hours. 

six identical 

Each pair was removed and measured after elapsed times of 
Two of the specimens loaded initially to 20 

The remaining two specimens (loaded initially to 20 ksi) 

This procedure was r e -  

The data, remaining residual s t r e s s  vs.  t ime at  temperature 
for all s ix  specimens a r e  plotted in Figure 47. Note the excellent reproduci- 
bility of the results,  particularly in the lower two curves. 
apparent f rom Figure 47 is the similarity in the shape of the curves obtained 
for each 24 hour period from the two specimens whose s t r e s s  levels were 
cyclically increased every 24 hours. The similarity in the shape of these 
curves helps to confirm previous observations that the rate  of residual s t r e s s -  
relief is a function of the previous history of the particular residual s t r e s s  
itself rather than that of the material. Furthermore,  these curves suggest 
that within the yield strength of the material  any applied s t r e s s ,  subjected to 
a t ime-temperature treatment, will relieve at a ra te  that is largely independent 
of the existence of other s t resses  and of the previous history of the material ,  
being dependent essentially on its - own time- temperature history. 

Also, immediately 
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If this suggestion i s  valid, it should be possible to predict 
the remaining s t ress  in the multistressed specimens a t  any time during 
their time-temperature treatment f rom the data obtained f rom the singly 
s t ressed  specimens. For example, using the data from the singly s t ressed  
specimens, the remaining s t ress  in the rnultistressed specimens after 96 
hours a t  temperature is made up as follows: 

0 20 ksi  subjected to 400 F for 96 hours - remaining s t r e s s  = 3.6 ks i  

7.5 ksi subjected to 400°F fo r  72 hours - remaining s t r e s s  = 1.7 ks i  

7.5 ksi  subjected to 400°F for 48 hours - remaining s t r e s s  = 1.8 ksi  

7.5 ksi  subjected to 400°F for 24 hours - remaining s t r e s s  = - 2 . 2  ksi  

Total = 9.3 ksi  

This value, 9 . 3  ksi ,  agrees  well within the limits of expected experimental 
e r r o r  with the 9.6 ksi actually observed in the specimens. Several  similar 
calculations have been made for various time periods and the results a r e  
plotted as filled circles in Figure 47. 
all of these points. 

Note the generally good agreement for  

In Figure 48 a replot of the two lower curves of Figure 47, 
where remaining residual s t ress  is plotted as a percentage of the initial 
s t r e s s ,  illustrates the near  independence of the fractional ra te  of s t r e s s -  
relief with s t ress  magnitude. 

Figure 49 illustrates the changing ra te  of residual s t r e s s -  
relief with time a t  400°F in  7075-T651. 
curve in Figure 47 which depicts remaining residual s t r e s s  as a function of 
time at  temperature, starting with a n  initial stress of 20 ksi .  The slope of 
the curve in Figure 47 was measured at selected time intervals and divided 
by the s t ress  remaining a t  that t ime, giving rate  of s t ress-rel ief  in ksi per  
hour per ksi of remaining s t ress  (i. e . ,  in units of h r - l ) .  Note how rapidly 
the rate  of relief decreases with time during the first few hours. 

This curve was obtained f rom the 

The results illustrated in Figure 50 may be compared with 
They a r e  the results f rom an identical experiment con- those of Figure 47. 

ducted in another alloy, 6061-T651. 
obtained although agreement between predicted and actual remaining residual 
s t resses  i s  not a s  good a s  that found for 7075-T651. 

Note that very similar results were 

2. Effect of Heat-Treated Condition on Rate of Residual 
S t ress  -Relief 

Results from previously run experiments have suggested 
that heat-treated condition has a comparatively small effect on the rate  a t  
which stress-relief takes place. For  example, it was shown that the rate  
of residual s t ress  - relief in welded specimens is almost identical to that 
observed in the original plate. This behavior was unexpected because in- 
tuitively one would expect the occurrence of any metallurgical change (during 
stress-relief treatment) to favor residual s t ress-rel ief .  An experiment was 
therefore conducted on 6061 aluminum plate, using modified ring type speci- 
mens,  in three widely different heat-treated conditions (i. e.  , annealed, 
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solution treated and fully aged) to determine more  precisely just what effect 
heat treatment has on the rate  a t  which s t ress-rel ief  takes place. In viewof 
the soft condition of the annealed and solution treated specimens low initial 
s t r e s s  (5:55 ksi) were used to avoid plastic yielding. 
versed every 24 hours a t  temperature (400OF). 
Figure 51. 
s t ress-rel ief  to be the greatest ,  by a factor of a t  least  2 ,  in the mater ia l  
least likely to undergo any sor t  of metallurgical change, i. e . ,  the annealed 
material  and least in the material  most likely to undergo metallurgical changes, 
i. e .  , the solution treated material .  
the rates of s t ress-rel ief  remained almost constant in the annealed and fully aged 
materials,  but decreased quite rapidly in the initially solution treated material .  
The reason fo r  this last observation i s  not immediately apparent. After the 
f i rs t  cycle, both the fully aged and the initially solution treated specimens 
would be in essentially the same overaged condition. Conceivably, the pre-  
cipitate formed under cyclic stressing provides a more effective ba r r i e r  to 
dislocation movement than precipitates formed under the usual conditions. 

A plot of remaining residual s t r e s s  vs.  time at 350°F for 

This s t r e s s  was r e -  

They a r e  remarkable in that they indicate the rate  of residual 
The results a r e  presented in 

Furthermore,  after the initial cycle, 

6061 i n  the same heat-treated conditions is illustrated in Figure 52. 
modified split-ring specimen was used in this experiment. Note that once 
again the annealed specimen relieved a t  a much faster rate than either the 
solution treated o r  the T6 specimen. 

The 

3. Creep Back Experiments 

When plastic deformation in  aluminum alloys results f rom 
a t ime-temperature treatment under s t r e s s ,  some of this deformation is 
recoverable by removing the s t ress  and maintaining (or raising) the tempera- 
ture.  
close to 100%. 

In fact, for small  amounts of plastic deformation, recovery is very 

Figures 53 and 54 i l lustrate the behavior of modified ring 
type specimens in 606 1- T65 1 and 7075- T65 1, alternately loaded and un- 
loaded for 24 hour periods a t  400°F. 
respectively and the distances between the bench marks on the specimen a r m s ,  
when in  the s t ressed  conditions, were maintained constant. 
curves represent specimens in which s t r e s ses  were maintained during their 
entire time-temperature treatment. 
essentially unaffected by the interrupted stressing; the plastic deformation 
occurring a t  the points of interruption a r e ,  presumably, the results of dislo- 
cations moving f i r s t  in one direction and then in the other along the same 
glide paths, thus having a negligible over-all  effect. 

The initial s t resses  were 15 and 53 ksi  

The dashed 

Note that the over-all  behavior is 

The results from another experiment, in which c reep  back 
in ring specimens was measured as a function of prior residual s t ress - re l ie f ,  
are presented in Figure 55. 
variety of time and temperature combinations. 
heating to 800°F in a salt pot fo r  1 hour .  

Pr ior  residual s t ress-rel ief  was obtained a t  a 
Creep back was obtained by 

Note that the amount of c reep  back 
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decreases with increasing residual s t ress  -relief and would presumably be 
zero a t  100% stress-rel ief .  
initial s t ress  on per cent creep back. 
from 5 to 50 ksi, lie quite close to the curve obtained from specimens 
s t ressed  initially to 20 ksi. 

Note also that there i s  little o r  no effect of 
The data, for initial s t r e s ses  ranging 

4. Discussion of Mechanisms of Residual Stress  -Relief 

Recent studies (1 ,2 )  of the relief of residual s t resses  in - -  
plain carbon steels a t  M.I .  T. by Brown, Rack and Cohen have shown that 
the mechanisms involved a r e  quite complex. 
tion of a carbide structure during tempering, with i ts  associated plastic 
zones, leads to s t ress  relaxation. 
the carbides a r e  already present, the coarsening of these carbides is again 
thought to play the major role in the s t ress  relaxation phenomenon. 
in the latter case,  the effect of microyielding of the matrix is also con- 
sidered necessary to completely explain the experimental results.  
contrast ,  the results obtained in this investigation suggest that in aluminum 
alloys the effects of precipitation a r e  comparatively small  and that the 
effects of microyielding predominate in the relief of residual s t resses  during 
time-temperature treatments. 
degree of relaxation markedly decreases with increase i n t h e  stability of the 
structure.  
51 and 52 indicate a much higher degree of relaxation in annealed 606 1-T6 
compared with that of the same material  in  either the T6 o r  solution treated 
conditions. The results obtained from the various experiments performed 
in the present study can be rationalized by considering the effects of micro- 
yielding alone. 

They theorize that the produc- 

In the case of spheriodized s teel  where 

However, 

In 

In Rack's work on steel  (2) it i s  shown that the 

In aluminum alloys the opposite appears to be the case.  Figures 

Figure 49 illustrates the observed decrease in the ra te  of 
Assuming that relaxation residual stress-relief with time a t  temperature. 

results from microyielding caused by dislocations released from sources 
which a r e  activated by s t r e s s  and temperature, a rapid decrease in the rate  
of relaxation would be expected to occur from the back s t resses  se t  up a s  
these dislocations become ar res ted  a t  grain boundaries and other obstacles. 

The "creep back'' phenomena (Figure 55) may also be 
rationalized by the microyield postulation by assuming that microyield occurs 
in localized areas  within each grain. 
volume of the matrix i s  purely elastic. Upon unloading the specimen, the 
elastically strained portions of the matrix together with the back s t resses  
se t  up by the a r r e s t  of dislocations supply the restoring force necessary to 
produce creep back. 
brium exists, these restoring forces a r e  exactly balanced by equal and 
opposite forces. These balancing forces occur,  upon unloading the specimen, 
within the areas  of the matrix where plastic s t ra in  occurred during the initial 
relaxation of the external load applied to the specimen. 
s t r e s s  undergoes a reversal  of sign upon unloading. 
out external load, both sets of forces decay uniformly, equilibrium will be 
maintained at a l l  times without over-all  geometrical change (creep back) in 

Thus, the s t ra in  in a considerable 

Because in the unloaded specimen a condition of equili- 

In these a reas ,  the 
If, upon reheating with- 
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the specimen taking place. It follows, therefore, that fo r  creep back to 
occur, plastic relaxation of the elastic strains must occur m o r e  readily 
in the previously deformed a reas  of the specimen than in the a r e a s  which 
were  elastically strained only. 
only by an over-all change in specimen geometry, hence, the occurrence 
of c reep  back. 
in the microyielded a reas  is that glide paths for  dislocations have already 
been established. 
during the initial relaxation when the specimen was loaded, a r e  now avail- 
able and free to move in the opposite direction. 
relaxation occur, where recovery by creep back is nearly loo%, it may be 
that deformation is confined largely to individual grains, unaffected by 
the effect of plastic deformation in adjoining grains. On the other hand, 
in cases  where slip c rosses  grain boundaries, recovery is difficult since 
each grain is dependent for its complete recovery on the recovery of its 
adjoining grain or grains. Thus, for low values of relaxation, recovery 
by c reep  back should be essentially complete a s  observed in the data in 
Figure 55. For  higher amounts of relaxation, creep back i s  incomplete. 

In this case, equilibrium can be maintained 

A possible explanation of the enhanced rate  of relaxation 

Furthermore,  many dislocations, produced and ar res ted  

When small amounts of 

The results obtained from the s t r e s s  cycling experiments, 
Figure 51 and Figures 56 and 57 from the first annual report data a r e  the 
most  difficult to explain. 
tion during the second half of the first  cycle would be expected to be faster 
and proceed much further than it did during the first; half cycle. Although 
the data in Figures 56 and 57 indicate an increase in the initial ra te  of 
relaxation upon reversal  of the applied s t ress ,  the a m o w m e l a x a t i o n  in 
any one half cycle is relatively constant. An explanation for this behavior 
lies in a consideration of the mechanism by which relaxation is opposed, i. e., 
the back s t resses  se t  up by the a r res t  of dislocations. 
s t r e s s  is reversed at the end of a half cycle, the same number of disloca- 
tions must  move back in the opposite direction and become ar res ted  to  set  
up the back s t resses  necessary to a r res t  further relaxation. 
approximately the same amount of deformation occurs for each half cycle. 

Because of the creep back behavior, s t r e s s  relaxa- 

Whenever the applied 

Thus, 

The fact  that the data show that in subsequent cycles, 
somewhat less  relaxation tends to occur than during the f i r s t  (or  first few) 
cycles, may be due to dislocation entanglements o r  qross grain boundary 
slip occurring before well established glide paths have been established. 
subsequent cycles it may be that relaxation results largely from the move- 
ment of the same dislocations along the same glide paths, f i r s t  in one direc- 
tion and then in the other. 
phenomena has the effect of accelerating the initial ra te  of relaxation but, 
not of increasing the total amount of relaxation occurring after a relatively 
long t ime at temperature. 

In 

Thus, in cyclic experiments, the creep back 

The results presented in Figure 51, showing the effect of 
heat treatment on stress relaxation in cyclically s t ressed specimens, can 
a l so  be explained in t e rms  of the postulation that the effects of microstrain 
predominate in the relaxation of strains in these aluminum alloys. In the 
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annealed material, precipitated particles have already coalesced and 
present no real bar r ie r  to dislocation movement. Thus, the average 
distance moved by the dislocations is increased and relaxation i s  en- 
hanc ed. 

The difference in the behavior of the T6 and the solution 
treated materials is less  easily explained because, after the f i r s t  cycle, 
both materials a r e  essentially in the same (overaged) condition. 
ceivably, the alternate movement of dislocations due to cyclic stressing, 
during aging, could form dislocation entanglements at o r  near the si te of 
nucleating precipitate particles. If these entanglements a r e  unable to 
f ree  themselves on s t r e s s  reversals ,  they might, in  fact ,  grow a s  addi- 
tional dislocations become entangled during subsequent s t r e s s  cycles. 

Con- 

The results presented in Figures 53  and 5 4  show that, 
when a specimen is alternately loaded and unloaded during a s t r e s s -  
relief treatment, the total amount of plastic relaxation in a given t ime at 
temperature, when under load, i s  essentially the same a s  that in a 
specimen loaded continuously for the same time. This behavior does not 
conflict with the concept that microstrain plays the predominant role in 
s t r e s s  relaxation. The dislocations moving in  a reverse  direction during 
the unloaded (creep back) periods can quickly return to their former posi- 
tions along established glide paths upon reloading. 

The results presented in Figures 47 and 50, indicate that 
an incremental s t r e s s  added a t  any time to an existing s t r e s s  undergoing 
a time-temperature s t r e s s  relieving treatment will relieve a t  a ra te  that 
i s  characteristic for the material; i. e. , independently of either the existing 
s t r e s s  o r  its degree of relief. 
microstrain concept i f  we assume that the back s t r e s s  s e t  up by a r r e s t ed  
dislocations is  directly proportional to the number of dislocations a r res ted .  
That i s ,  the relaxation resulting from any s t r e s s  value o r  increment thereof 
will become ar res ted  only when a proportionate number of dislocations have 
moved and become ar res ted .  

This behavior i s  in agreement with the 

Thus, in summation, i t  appears that a theory for the 
mechanism of residual s t ress-rel ief  in aluminum alloys, based on the 
assumption that microstrain plays the major role, is able to explain the 
various behaviors observed in this study. 
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V. WELDING STUDIES (Subcontracted to M. I. T. Welding Laboratory) 

A. Introduction 

Concurrent with the primary objective of developing stress- 
relief treatments for  cold deformed and forged materials, an investigation 
has been made to determine the distribution and relief of residual s t resses  
resulting from welding. Stress  measurements were made a t  various 
locations in the weldments in an  effort to determine the reproducibility of 
s t resses  in w-elds to the end that stress-relieving treatments could be 
developed for these structures. 

In the previous year's work, multiple pass butt welds were made 
exclusively for study. Measurements of residual s t resses  in these weld- 
ments revealed low level s t resses  which varied greatly from specimen to  
specimen and even from location to similar location within one specimen in 
a n  irregular manner. The reason for  this wide variation and the low s t r e s s  
levels, is believed to have resulted from the multipass technique used. 
Each pass  relieved the residual stress in the previous passes  in a somewhat 
irregular manner, being highly dependent on peak temperatures and weld- 
bead configurations. As a result, useful residual stress-relief studies on 
these specimens could not be made. During the current year, circular,  
single bead-on-plate welds were studied. This type of weld is simple to  
produce, has high restraint, is uniform in contour and the s t resses  produced 
a r e  not subject to relief from heat during subsequent passes. 
much higher s t resses  were observed and s t r e s s  values and distributions 
were uniform and reproducible. 

As a result 

B. Materials 

1. 
2, 
3. 
4. 

5456-H343 in 1 inch and 3 /4  inch thicknesses. 
7106-T63 in the 1 / 2  inch thickness. 
?039-T651 in the 1 / 2  inch thickness. 
2219-T651 in the 1 / 2  inch thickness. 

C. Experimental Procedures 

Circular, single pass bead o r  plate welds were deposited 
symmetrically on square specimens. In the 7106-T63 materials,  specimen 
sizes were 8 inches by 8 inches and 12 inches by 12 inches. 
six inch and eight inch diamkter weld circles  were deposited. 
T63 and 22 19- T65 1 materials, plate sizes were maintained at 8 inches by 
8 inches throughout with 4 inch diameter welds, 
welding condition, some of the plates were stress-relieved for 2 hours at 
a temperature of 400°F. 

Four inch, 
In the 7039- 

In each material  and 

Two levels of a r c  energy input were employed for all but the 
5456-4343 material. 
determined. 

The effect of arc energy input on residual stress was 



Surface residual s t resses  were measured tangentially and radially 
in the weld metal, and in the center of the weld circle  using SR4 strain gauges 
cemented to the surfaces. After the cement had set  and the gauge resistances 
measured,  all mater ia l  except for  a thin wafer (about .040 inch thick) under 
each gauge w a s  machined away. The gauge resistances were then remeasured 
and the change in s t ress  computed from the change in resistance of each gauge. 

D. Experimental Results and Discussion 

The experimental results a r e  presented in Tables 5, 6 and 7. 
Note that residual s t resses  run as high as 25 ksi  compared with the very 
low s t resses  observed for the butt welded mater ia ls  tested during the 
preceding yea r .  
7106 material) reasonable reproducibility of residual s t resses  were achieved. 

Also, where duplicate specimens were prepared (in the 

From the results of the study the following observations can be 
made: 

a) The s t ress  distribution in each of the weldments was the 
resul t  of tangential and radial shrinkage of the weld. 
shrinkage would tend to put the mater ia l  inside the circle  in uniform biaxial 
compression and mater ia l  outside the circle  in nonuniform biaxial tension. 
However, there was enough radial shrinkage that all points inside the circle  
were in a state of biaxial tension. The weld metal  exhibited high tangential 
s t resses  with the radial s t resses  being equal to the uniform biaxial tension 
s t resses  within the circle. 

Purely tangential 

b) Lower energy input resulted in higher residual s t resses  
both in the weld and within the circle.  
thermal  strains a r e  introduced with high energy inputs, there  is more  auto- 
stress-relief because of the relatively higher post weld temperature of 
the plates. 

This means that, although higher 

c )  Geometric factors influenced the magnitudes of the residual 
s t resses  in a predictable way. 
exhibited lower s t ress  within the circle  simply because there  was a greater  
cross-section of metal  available to  c a r r y  the load. Furthermore,  increasing 
the s ize  of the circle  decreased the residual s t resses  within the circle  largely 
because the radial strains,  resulting from weld shrinkage, a r e  distributed 
over greater areas .  

For  example, the thicker plate in 5456-H343 

d) The values of per cent remaining residual s t r e s s  in the 
weld and central a r eas  of the specimens, af ter  a stress-relief treatment 
of 400 F for 2 hours show considerable scatter and do not correlate  well 
with the results predicted from the split-ring specimen. 

0 
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TABLE 7 

AVERAGE REMAINING RESIDUAL STRESS 70 
AFTER A STRESS-RELIEF O F  400°F FOR 2 HOURS 

Low Arc Energy High Arc  Energy 
Input 

Predicted F r o m  Hoop Center 
Input 

H m p  Center 
Weld Plate 

70 70  

Mate r ia l  Rinp Specimens Weld 
70 7 0  

5456 

7 106 

7039 

2219 

5 

52  

35  

7 2  

18 4 

33 22  30 33 

67 69 77 6 2  

48 45 84 64 
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VI. SUMMARY AND CONCLUSIONS 

A. Summary 

In accordance with the principle objectives of this study, the 

The effect of these 
response of residual s t resses  to time-temperature treatments was de- 
termined for several  high strength aluminum alloys. 
treatments on the strength and toughness properties was also determined. 

In addition, a variety of experiments were run with the object of 

A relatively simple 
shedding some light on the mechanisms involved in  the residual s t ress -  
relieving of aluminum by the - t empera tu re  treatments. 
theory is presented which appears to be able to satisfactorily explain the 
various behaviors observed. 

B . Conclusions 

1. The time-temperature residual stress-relieving behavior of 
all of the 7xxx ser ies  (Zinc) aluminum alloys a r e  very similar. 
the major alloying elements, composition variables appear to have little effect 
on residual stress-relief. 

Except for 

2.  The quench induced residual s t resses  in the 7075-T6 forged 
material  tested were shown to be consistantly lower than those in 7075-T6 
plate material. 
suggested that variations in grain size and/or texture may be responsible. 

While the reason for this behavior was not determined, it is 

3. As with the previous alloys tested, the effect of time- 
temperature treatments on the physical properties of high strength aluminum 
alloys is to increase fracture toughness and decrease strength. 
the decrease in strength bears  a close relationship to the amount of residual 
stress-relief obtained, regardless of the particular time-temperature treat-  
ment employed to effect the stress-relief. Very large amounts of s t ress -  
relief can be obtained in the heat treatable alloys only at considerable loss  
of tensile strength properties. 
stress-relief can be obtained in most of the alloys with only small losses  in 
tensile strength properties. 

In general 

On the other hand, significant amounts of 

4. The fracture  toughness of these alloys, as determined by 
pre-cracked Charpy tests,  was found to be relgtively temperature insensitive 
over the range of ambient temperature to -423 F. 

5. The rate  at which residual stress-relief takes place in 
aluminum alloys is highly dependent on the previous relief history of the 
particular stress under consideration. A s  stress-relief progresses,  the 
rate  at which it occurs decreases rapidly. However, any s t r e s s  increment 
added to an  existing s t r e s s  undergoing a time-temperature stress-relieving 
treatment will relieve at a rate  that is characterist ic for the mater ia l  and 
independent of the existing s t r e s s  and the amount of relief the existing stress 
has already sustained. 
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, 6 .  Residual stress-relief results obtained from the modified 
split-ring specimen can be used to predict with fair agreement the amount 
of stress-relief of actual quench induced residual s t r e s ses  in plate materials.  

7. Welding studies using circular bead-on-plate configurations 
have shown that high residual s t resses  a r e  produced, particularly in the 
weld metal. The relief of these s t resses  by time-temperature treatments 
were not accurately predicted by the modified split-ring specimen results. 
The reason for this apparent anomaly is not clear,  but is presumably due 
to "he effects of przvious strain history during solidification and cooling of 
the weld metal  and/or other variables. 

8. The predominant mechanism by which residual s t r e s ses  
a r e  relieved during time-temperature treatments appears to be one of 
microstrain. 
explained by use of this theory. 

The behaviors observed in the various experiments can be 
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Figure 46. Effect of Time and Temperature on Residual S t resses  in Forged 7178, 
As-Received (a), Re-solution Treated, Quenched and Aged in Un- 
stressed Condition (a) and Re-solution Treated, Quenched and Aged 
Under Simulated Residual Quench St resses  (0). 
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