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THE EFFECT OF STRAIN AGING ON THE 
FRACTURE TOUGHNESS OF STEEL 

Yun Chung 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Mineral Technology, -College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

'l'he effect of both dynamic and static strain aging on the tensile 

properties and the fracture toughness of three experimental alloys has 

been investigated. The three alloys are: O.22%C-Fe, 0.18%c-3.8%Mo-Fe 

and 0.2o%C-3.6%Cr-Fe containing 0.34%Mo. The addition of molybdenum and 

chromium was effective in strengthening and in responding to the strain 

aging treatments, even at temperatures of 100°C and 200°C, at which no 

alloy carbide formation is normally expected. Molybdenum was particularly 

effective in improving elongation. However, it did not appear to improve 

the KIc ' although the effect of a solution treatment on the KIc of this 

alloy should be explored. Dynamic strain aging of the chromium alloy 

steel showed a marked loss in elongation when treated around 200°C to 

o 300 C, but showed no loss in the KIc from the same treatment. The results 

suggest that there is no simple relationship between ductility (ia elongation) 

and toughness (KIc). On the basis of the data, it was concluded that the 

strain aging treatments did not impair the fracture toughness although the 

strength was increased • 
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I. INTRODUCTION 

Steel has been and still is the main. material used for engineering 

purposes~ Its useful strength has steadily risen over the last decade. 

Several families of steels have been put to use where the tensile strength 

is in the range of 18°'°°0 psi to more than 3°°'°°0 psi. The attainable 

strength level for steels has been extended (by ausforming) to 500,000 psi, 

which may be the practical upper limit for the steel strengthened by the 

1-2 carbide precipitation. Yet, the demand for materials of ever higher 

strength is growing. However, it is a common phenomenon that an increase 

in strength usually means a decrease in ductility (or toughness). This 

continues to be a vexing problem. The retention or improvement of duc-

tility and toughness with increasing strength has been the subject of 

much study, of which this work is a part. 

Dislocation concepts have not only shed light on the strengthening 

mechanism of metals, but have also marked a great stride forward in the 

understanding of the mechanical behavior of materials. For instance, 

ductility, toughness and strength of materials depends upon the behavior 

of dislocations and the phases that interfere with the dislocation move-

ments. 

Th~re are several ways in which a metal can be strengthened. According 

1 to Zackay and Parker the nighest strength metals should have the bcc 

structure, and should contain elements that will form strong stable pre-

cipitates as a consequence of thermal or thermal-mechanical treatments. 

Strain aging is one of such treatments. It was successfully used in im

proving the tensile properties of ausformed H-ll steel. Goel3 reported an 
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increase of yield strength of ausformed H-ll steel from 275 ksi to 400 

ksi with no significant loss in ductility_ 4 
Zackay et al also reported 

a promising aspect of strain aging in obtaining high strength with ex

ceptional toughness. These results are also supported by Pete~son.5 

Strain aging phenomena have been known for a long time. It was 

thought that the strain aging increases the tensile and yield strength 

but at the same time decreases the ductility. 
6 . 

Osborn reported that the 

activation energy for strain aging embrittlement is the same as for strain 

age hardening, attesting that both mechanisms are simply different mani

festatio~s of the same structural changes. Stephenson and Cohen7 arrived 

at a similar conclusion that strain aging of A-4340 steel is not a prac-

tical strengthening method because of the loss of ductility. 

The difference between zaCkay4 and Goe13 who reported insignificant 

loss of ductility with a considerable gain in strength and Osborn and 

67' others' who reported significant loss of ductility lies in the method 

in which the strain aging treatments were carried out. Zackay used what 

is now generally called "dynamic" strain aging and Osborn used "static" 

strain aging. Dynamic strain aging differs from static strain aging in 

that the dynamic strain aging denotes the aging process occurring ~imul-

taneously with the straining at an elevated temperature. In the static 

strain aging the straining is usually carried out at room temperature and 

later the aging process is "carried out at certain elevated temperatures. 

The dynamic strain aging would also include the methods used by 

Jmrrington8 and Brittain.9 'They studied the effect of applied stress on 

the aging process by effecting the aging while specimens were under stress. 

.1 ' 
,-' 
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Harrington reported a corisiderable increase in yield strength, sometimes 

up to 100%, with no loss of ductility or, in some instances with con-

current .increase in elongation and reduction of area in appreciable 

amounts. He called the treatment "stress aging." 

The reason for the apparent improvement of the results obtainable 

with the dynamic strain aging process is not clearly understood. It has 

10 been suggested by Busch that the strengthening in dynamic strain aging 

process is produced as a result of the formation of alloy carbides. He 

thought that the alloy carbides could be formed even at a low temperature 

(at which they are normally not expected) because of the strain enhanced 

diffusion of the SUbstitutional solute atoms. It is understandable that 

the diffusivity should rise because of the vacancy generation and disloca-

/ tion interactions when a metal is strained.. There are many who showed the 

enhanced diffusion rate upon straining, although their measured values may 

4 differ by an order of magnitude. There is still another thought that 

suggests that the primary strengthening mechanism in dynamic strain aging 

may be due to the increase of dislocation density rather than dispersion 

hardening of carbide formation. 

Ductility is commonly expressed as percent elongation obtained by a 

tensile test. It is one of the principal measures of tensile properties, 

and it ~s regarded as being 'essential to have a high value in order to 

avoid catastrophic failure. A minimum of 10% elongation is generally 

1 considered necessary for highly stressed structural members. A low value 

of elongation (or ductility) is thought to be related to brittleness or 

low toughness, but not always. There have been a number of reports which 

cite brittle fractUre in ductile materials. On the other hand materials 
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with little uniform elongation suCh as maraging steel (Grade 250) may 

have excellent toughness characteristics. Therefore, high ductility 

and high toughness are not synonymous. 

A number of test methods have been devised to express the toughness 

of materialo The concept of transition temperature as measur~d by Charpy 

impact tests in relation to the brittle fracture has been widely accepted, 

particularly after the investigation of the World War II ship failures. ll 

Another method is the drop-weight test which measures the,nil-ductility-

12 temperature (NDT). Both tests provide a measure of the temperature below 

. which a brittle fracture is probable. Therefore, if the Charpy test 

showed high energy absorption, the component made of that material is 

expected to exhibit a good toughness. However, the transition temperature 

/ approach is inadequate, because it lacks quantitativeness and it does not 

contain the elements which enable one to predict failure conditions. 

In order to overcome these shortcomings and some fallacies of the 

transition temperature approach in designing against catastrophic failures, 

another way of measuring the toughness has been developed. This method 

measures the fracture toughness of a material as a singular material 

property, just like its yield strength o Fracture toughness refers to 

the ability of a material to resist crack propagation. It is believed 

:J' 

that th~ fracture toughness parameter (along with other properties) of ~ 

a material will enable one to choose the better material and to judge P!O-

perly if a defect is one that may lead to a catastrophic failure. This 

approach is known as fracture mechanics and has received much attention, 

as evidenced by a large number of published literature in this field in 

recent years.13 
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Lately the concept of fracture mechanics appears to have developed 

a quantitative framework for evaluating structural reliability. Further-

more, unlike other parameters such as the transition temperature, the 

impact strength, the notched-unnotched strength ratio, elongation and 

reduction of area, the fracture toughness seems to be a material constant, 

14 unaffected by specimen geometry, except, of course for thickness which 

governs plane stra.in or plane stress modes of fracture. The word 

"toughness" now has more specific meaning. 

15 16 It has been recognized' that a good combination of toughness 

and strength may be achieved through proper alloying, thermal and thermal-

mechanical treatments. Since it has been well established that dynamic 

strain aging is beneficial in improving the tensile properties, this work 

investigates the effect of such aging process on the fracture toughness 

as well as on the tensile properties. It was also attempted in this 

work to study the alloy effect of molybdenum and chromium, both of which 

are fairly strong carbide formers and also common alloying elements • 
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PROCEDURES 

Materials 
,1 • 
-, 

- '. ~. ~ 

, " 

Three different a.l.loys were made under argon atmosphere in an in-, '. 

duction :f'urnace. The ,compositions, of these steels are given in Table I. 

Steel usually contains several elements as intentionally added aUoying 

elements or unintentional residual elements. In order to study the effect " 
,.' : 

of single alloying element upon strain aging, the above steels were not 

alloyed with the usual elements such as manganese or silicon. The first 

.. : " 

group is O.f!/,C - Fe; the second group is 0.18% c - 3.&/0 Mo-Fe; and the 

third group is 0.2a{o C - 3.6% Cr- Fe. The 0.3% molybdenum found in the 

~ - ,.' 

third group of chromium alloy is unintentional contamination. '. ,- " 

-,,' . 

, The induction melt produced ingots of 2_l/2t1 diameter by lOti long.'," 

They were forged and hot rolled to about 2-l/2t1>0/l6"x:random length. The 

scale was removed by sand blasting and ljght pickling. Thep., cold rolling' 

produced strips of 2-1/2" wide and 1/8" thick, amounting to about 3C1fo re- :' 

duction in thickness. These strip's were cut to 4" long coupons. Each 

gave one. tensile specimen and one fracture toughness specimen. 

.. B. ~ecimen 

Figure 1 shows the arrangement by which one tensile specimen and one 

fracture toughness specimen were obtained fram a coupon. Single edge notch 

(SEN) specimens were used for fracture toughness measurement. The reduced 

section in the fracture toughness specimen in Fig. 1 was necessary in order 

to facilitate the straining. Figure 2 shows the dimensions of the fracture 

toughness specimen, which was made according to the geometry used by Srawley 

and Brownl7 and suggested by an ASTM committee18 and others.19 

, . 
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C. Heat Treatment of Specimens 

The three steels developed the following as-cold-rolled hardness: 

Carbon steel: 

Mo~bdenum steel: 

Chromiun. steel: 

Rockwell "B" 92 

Rockwell "C" 34 

Rockwell "C" 42. 

In order to facilitate the m.a.chln1ng of specimens, the four :!nch long coupons 

were clamped together, packed in cast iron chips, and annealed by giving a 

slow cooling from 16500F. Then, they were machined to the sizes shown in 

Fig. 1. 

The machined specimens were put in a rack, heated in an endothermic 

gas furnace to temperatures of 16500 F for carbon steel and chromium steel 

and lS500F for mo~bdenum steel, and quenched in brine water. The rack 

kept the specimens from warping during heating and quenching and also pro

vided even quenching by allowing the quenchant to pass between the specimens. 

The solution treating time of 1/2 hour was used for all specimens. Sub

sequent~, all specimens, except for a few, were tempered at 400°F for two 

hours, followed by air cooling. 

D. Strain Aging Treatments 

The straining and aging treatment of both tensile specimens and fracture 

toughness. specimens were performed with a Tinus-Olsen tensile machine. The 

arrangements are illustrated in Fig. 3. Figure 3(a) shows the self-tightening 

wedge type grips, specially designed and made for this work. An extensometer 

(marked by the arrow) is attached to one end of the wires which are fastened 

to the specimen at the other end o The gage length of one :!nch was used for 

measuring the amount of strain, which was recorded on the autographs. A 
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similar arrangement was used for the tensile sp~cimens. They did not 

require the flat jaw grips, and therefore, pin grips Were used for strain~ 

ingq The furnace in Fig. 3(b) was modified slightly so that it had the 

front open .. The thermocouples were placed on the gage length of the 

specimen and the temperature was recorded on a continuous roll chart shown 

in Fig. 3 (b). 

Three different treatments were used4 They are designated as followst 

A., No straining (control specimen) 

S. S'trained at room temperature and aged with a set of specimens 

"A" and tiD". This is the static strain ,aging specimen. 

D. Strained at an elevated temperature from 100°C to 400°C. 

This is the dynamic strain aging specimen. 

Specimens "A" and "s" were placed on each side of specimen "D'! while it was 

heated to the temperature, strained and aged at that temperature. Specimen 

"s" had already been strained at room temperature. Therefore, the three 

specimens should be regarded as having been subjected to an identical thermal 

treatment. The difference between the specimens lies in the straining and 

the temperature pf :straining. Figure 4 depicts the,abov.e treatments.' 

Figure 4(c) illustrates the manner by which the specimen "D" was strained 

at an elevated temperature. Figure" 4(d) shows that, after the straining, 

the' stress W(iS reduced t07Cf1/o ,to 8CY{o of, the peak ,stress and held at that, 

stress while aging progressed at the s,training temperature for about 10 

minutes. Th.e peak stress was the stress just prior to decreasing the 

stress in all cases~ No other post aging treatment was given. 

",' 
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Goe~ used post aging treatment, separately from the straining 

8 
temperature, and Harrington used stresses between proportional limit 

and the yield strength at 0.2% offset. Brittain and Bronisz9 strained 

specimens to give a plastic deformation at room temperature, reduced 

stress to about 75% of the lower yield point ,and aged at the temperature 

under that stress. The method used ,in this work differs slightly from 

any of the above methods. 

E. Testing 

In addition to the designations "A", "S", and "D", the following 

notations were also used to describe a test specimen. 

Tt tensile tests 

F t fracture toughness tests 

C: C ... Fe steel 

Mot C-Mo-Fe steel 

Cr: C-Cr-Fe steel 

For example, test number (specimen) F-C-'A-2 means that this is a fracture 

toughness test specimen of C-Fe steel, treated as a control specimen at 

. 300°C and this is the second specimen of that treatment. F-C-3.D-2 means 

that this is the dynamically strain aged C-Fe steel specimen which was 

heated ~ith F-C-~-2. The last digit in the test numbers indicates the 

thermal treatment grouping~ 

Both tensile tests and fracture toughness tests were performed with 

a Tinus-Olsen tensile machine with a capacity of 120,000 pounds maximumo 

A strain rate of about 0.05 in/in/min. was used for all tensile tests and 

a loading rate of about 20,000 lbs/min. was used for all the fracture 

toughness tests. 
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Figure 5 shows the extensometer attaChment for the fracture tough-

ness tests. This arrangement was not wholly satisfactory, particularly 

with the C-Cr-Fe steel speCimens. They required higher loads for fracture 

than the other two steels and necessitated frequent replacements of the 

knife edges and adjustment of the extensometer. However, well-defined 

pop-ins were observed with most of the specimens, except for the 

majority of the C-Cr-Fe steel specimens. A more refined method, using a 

. 20,21 
double cantilever clip-in displacement gage, is currently used by others. 

Figures 6, 7, and 8 show the tracings from some of the load-displacement 

curves of the fracture toughness tests obtatned by the method shown in 

Fig. 5. The difference in slopes among the curves in Figso 6, 7, and 8 

is a result of different fatigue crack lengths. 

The fatigue cracks in the fracture toughness specimens, shown in Fig. 

2, were produced by applying tension-tension loadings using a Krouse 

fatigue machine. The specimen was placed at one end of the cantilever 

with the notch directly over the end of the fixture, so that the starter 

notch would open on the loading cycle and return to its original on the 

unloading cycle. The eccentricity was set so that approximately 10,000 

cycles were required to obtain about 0.10" fatigue crack length. However, 

there were variations from about 5,000 cycles to over 20,000 cycles with a 

few of ~he specimens. This variation resulted mostly from the variation 

in the fit between the specimen width and the slot in the fixture. 

18 
In order to obtain values of KIc using the equation shown bel~, 

it is necessary to obtain the value of "all, which is the effective crack 

length at instability. The values of "all were obtained by the use of a 

calibration curve, which plots the normalized displacement in the elastic 

., 

\) I 

.' 
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region of a notCh specimen versus ajw, where Wis the specimen width. 

The normalized displacement is expressed as VBE/P, where V is deflection, 

B specimen thickness, E Youngts modulus, and P load. Figure 9 is the 

calibration curve obtained for the specimen geometry used in this work. 

From the autograph of a fracture toughness test the normalized displace

ment was calculated, and ajW was obtained from Figure 9. It was then 

used to calculate the fracture toughness, KIc' using the follOWing 

t ' 18 equa J.on. 

where 

p21 
EG = (-) -Ic B W 

2 
= (1 - II ) K 2 

Ic 

E % Young t s modulus 

G
Ic

% Critical linear elastic strain energy release rate 

KIc % Critical stress intensity factor for crack o~ening mode I 

Pl Load applied to specimen at the pop-in 

B: Specimen thickness 

W: Specimen width 

a: Effective length of the total crack 

lit Poisson's ratio for steel 
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The hardness of the fracture toughness specimen was checked in the 

area adjacent to the notch, using the RoCkwell "Cn scale. The hardness 

of the tensile specimens was checked, after testing, in the area near 

the fracture but away from the necked region. 

Microstructures of all fracture toughness specimens and of several 

of the tensile specimens were studied with a 1ight microscope. 

'" -
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III. RESULTS AND DISCUSSION 

A. Tensile Properties 

The results o~ tensile tests are given in Tables II, III and IV. 

The effects of the three treatments on the tensile properties are plotted 

in Figs. 10, ll.and 12. The tensile strength and the yield strength are 

separated into two graphs for the purpose of clarity, but they are shown 

side by side in order to help appreciate the small differences between 

the two strengthso 

In all three alloys an increase in the tensile strength and the yield 

strength was reali~ed by the strain aging treatments. The effect is par-

ticularly significant in the increase of the yield strength of the two 

alloy steels, C-Mo-Fe and C-Cr-Fe. Even with the C-Fe steel dynamic 

strain aging increased both the tensile and the yield strength over those 

obtained by static strain aging in the temperature around 250°C. At the 

higher temperatures dynamic strain aging produced somewhat lower strength 

in the C-Fe steelo This could be due to over-aging. This is supported 

22 
by the results of Lagerberg and Lement who found that the quench aging 

of a C-Fe alloy (0.02~ C) was completed in 2 minutes at 315°C and in 20 

minutes at 205°C. Furthermore, the strain and the stress imposed simul-

taneously on the specimen during the dynamic strain aging could have 

acce1er~ted the aging process. 

There are several theories on the strengthening mechanism of the 

strain aging. It is generally accepted that the strain aging in a C-Fe 

steel is due primarily to the migration of carbon (and nitrogen) atoms to 

dislocations, causing locking. paxton23 and Baird24 have reviewed the 

subject of strain-aging. Paxton suggested that precipitation must be 
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occurring during strain aging, if two or three atoms per atom plane is 

accepted as a saturation value, since it is not possible for the dis-

locations to absorb more than that number in their stress fields. 

10 Busch postulated that the enhanced diffusion of sUbstitutional 

solute atoms to the dislocations and the increased dislocation density 

could account for the higher strengths in the dynamically strain aged 

steels as compared to those of the statically strain aged steels. The 

tensile and the yield strength~were consistently higher in specimens "D" 

(dynamic strain aging) than in specimen "S" (static strain aging). In 

Fig. 12 it appears as if the strengths of statically strain aged specimens 

decreased for the treating temperatures of 300°C and 400°C. The two speci

mens, T-Cr-3S-l and T-Cr-4S-l, had a lower carbon content, which would 

account for the strength being lOWer in these compared to specimens 

T-Cr-3A-l and T-Cr-.4A-l. 

10 Busch also observed that the strengthening by dynamic strain aging 

is almost instantaneous at temperatures around 350°C. A similar result 

can be found in Table III, which shows that C-Mo-Fe steel specimens had 

strength increases independent of the aging time when dynamically strain 

aged at 300°C. A comparison of the results from T-Mo-3D-2 and T-Mo-3D-6 

in Table III shows that a larger amount of strengthening accompanied the 

larger amount of straining as opposed.to the effect of longer aging time. 

For instance, T-Mo-3D-3 was dynamically strain aged by straining 3~3% at 300°C 

with no subsequent aging and resulted in strengths higher than any other 

specimens. Figure 13 shows the effect of the amount of straining on 

strength during dYnamic strain aging of C-Mo-Fe steel specimens at 300°C. 

Specimen T-Mo-3A-l can be looked upon as being dynamically strain aged 

.. 
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with (J1jo straining. It should be noted that all the points in Fig. 13 

except for T-Mo-3A-l represent both tensile and yield strength. The 

structural factors associated with the strength increase at the larger

amount of straining have not been clearly established. However, it seems 

reasonable to assume that a higher dislocation density is achieved re

sulting in at least part of the observed strength increase. 

Although a sufficient number of data have not been collected in this 

work so that good average values could be obtained, there is nevertheless 

a trend in all three alloys in that the elongation value is the lowest for 

'the dynamically strain _aged specimens. The elongation curves in Figs. 10, 

11 and 12 reveal that the curves marked liD" are at the bottom of the other 

two. The decrease in elongation in the C-Cr-Fe steel specimens treated 

around 250°C is drastic. There is no corresponding strength increase at 

this pointo 

One side each of the fracture faces of the tensile specimens was 

grouped together and is shown in Fig. 14. -As is expected, the C-Fe 

steel specimens showed a transition from brittle to ductile fracture 

with processing temperature. All the tensile specimens of the C-Mo-Fe 

steel broke with cup and cone type fractures and were ductile, having 

elongation values of about 10%. All the tensile specimens of the C-Cr-Fe 

steel specimens broke in shear, making the fracture face 45° with the 

specimen axis. Normally, a shear fracture is classified as a ductile 

fracture. However, one specimen showed only 005% elongation and several 

others showed only 1% to 2% elongation. Reduction of area was obtained 

for the C-Cr-Fe steel specimens by measuring the width and the thickness 

at the fracture. If plotted, the trend of reduction of area would follow 
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those representing elongation values in Fig. 12~ Typically, reduction 

of areas ranged from 3% to 4~ for the C-Cr-Fe steel tensile specimens. 

The shape of the stress-strain curves changed as a result of the 

strain aging treatments as was expected. Figure 15 is a composite trace 

of four typical stress-strain diagrams, including that of ,an as-quenched 

condition. The abrupt rise at the end of the curves "A" and "As-quenched" 

was formed when the strain recorder was turned off and only the load 

recorder stayed on. The curve lin" is representative of all those treated 

by dynamic strain aging. Even the C-Fe steel specimens, having elongation 

values of 10% or 13% as a result of dynamic strain aging at 400°C, showed 

curves similar to the curve' "n1t in Fig .. 15. A quenched and tempered 

steel specimen having a cor~sponding strength without being dynamic strain ' 

aged would not show the decline of the load after the yield. Also, the 

C-MO-Fe steel specimens, dynamically strain aged at 300°C without subse

quent aging, showed curves similar to lin" in Fig. 15. An inspection of 

Tables II,' III and IV would reveal that all of' specimens "nfl, regardless 

of the alloying compositions and the processing temperature, showed a tensile 

to yield ratio of one. It can be seen in cUrve "nit in Fig. 15 that the load 

at fracture is lower than the peak load attained at the yield. In a case 

like this, the yield strength was rated ,the same as the tensile strength .. 

I~ was observed during the tensile tests that the strain rate im

mediately after the yield point was very fast, akin to Luder's band 

formation. Many specimens showed an instantaneous elongation of about 1% 

(or more sometimes) upon reaching the yield point. It has been considered 

that this phenomenon along with a low work hardening rate is detrimental ina 

~-' 
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highly stressed structural member. 
22 . 

However, a recent study indicates 

that this is not necessarily so. There are cases where higher fracture 

toughness values were obtained with a lower work hardening rate than with 

a higher work hardening rate for a given stress. The question is how 

much difference exists between the two fracture toughness values. Since 

the difference is deemed not large,the declinigg load after the yield 

point in dynamically strain aged specimens does raise a concern. 

B. Fracture Toughness Properties 

The fracture toughness, KIc' was obtained using the pop-in phenomenon. 

During the course of the tests, there were cases where the pop-in wa.s not 

well defined, and the determination of the KIc became impossible. This was 

particularly true with the C-Cr-Fe steel specimens.' In this group, only 

two specimens which were given dynamic strain aging at 300~C with relatively 

higher amounts of straining showed distinctive pop-ins and the remaining 

specimens showed smooth curves from the elastic region to the plastic de-

formation region. This is an indication that the specimens were too thin 

for a valid determination of K:r ' although the specimen geometry used in 
.c 

this work is within the boundaries of the recommended practice, inclUding 

the conditions specified for thickness/width ratio. 

The extent of pop-in diminishes with the decrease in the specimen 

thickness, because sufficient plastic flow accompanies the initial crack 

movement to relax the constraints responsible for the plane stra.in condition 

20 at the crack tip. Recent studies have shown that the crack length and 

the thickness of the specimen would require values greater than 2.5 

(Kr /a ).2 For a material with the (KI /a )2 value of 002, such c ys c ys 
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as F-Cr-3D-4, the specimen would have to have a minimum thickness of 1/2" 

and the crack length of 1/211 minimumo This requirement seems higher than 

actually necessary, since pop-ins were achieved in 1/8" thick specimens. 

However, this was one of the few exceptions when pop-in did occur. 

26 20 Srawley et al. and the ASTM committee on the fracture toughness 

proposed a method to determine the KIc using single-edge cracked bend 

speqimens. In this they included a method to obtain the KIc from a bending 

load-displacement curve which showed a smooth transition without a definite 

pop-in. The criteria for using this method were applied to the load-

displacement curves of the C-Cr-Fe fracture toughness specimens that did 

/ 

not show the pop-in. The curves met the criteria, but the fracture toughness 

values obtained did not meet the qualification test. Therefore, the values 

-obtained by this method were designated as apparent fracture toughness 

* values, KIc' and considered to represent -lower bound estimates on the KIc •. 

Some specimens, dynamically strain aged at 300°C, did show pop-ins 

at a higher load than the deviation from linearity, that is, the load used 

* to calculate the value KIc • * Those values of K
Ic 

in parentheses in Table VII 

were obtained from the loads at the pop-ins. The values for F-Cr-3D-3 and 

F-Cr-3D-4 are considered to be very close to the KIc' since their pop-ins 

appear to be valid ones. 

All ,C-Cr-Fe steel fracture toughness specimens, except for F-Cr-3D-3 and 

F-Cr-3D-4, showed non-linear load-displacement curves, indicating that 

* localized yielding took place prior to crack extension. Another value, Kc' 

was obtained using the load at fracture and the initial crack length. 

These values would 'be lower bound estimates of the plane stress fracture 

toughness 0 It is believed that the true KIc would lie somewhere between 

K* and K* with this C-Cr-Fe steel. Ic c 



'" 

-19-

The value (K- /a ) was calculated using the yield strength data --.Ic ys 

from the tensile tests. This parameter is expected to show a general 

trend of, the effect of the treatments, notwithstanding some scatter in 

the yield strength data. The quantity (KI /a )2 has a dimension of c ys 

length, and is considered a better measure of toughness than KIc in 

estimating the critical crack length. 

The results of the fracture toughness tests are given in Tables V, 

VI and VII. The effects, of the three treatments on the K1c are plotted 

in Figso 16, 17 and 18. Figure 19 shows the effect of the amount of 

straining during strain aging treatments on the KIc • This graph was made 

by compiling the data from the three steels. 

Some scatter was noted in Figs. 16, 17 and 18. But, in general, 

,there was little difference in the three types of treatments on toughness. 

Of course, since the strain aging treatments, both static and dynamic, 

increased the yield strength, there was a consistently lower (KI /a ) c ys 

ratio for the latter two sets of data. 

From Fig. 19 it can be seen that the KIc appears to decrease with 

increasing amounts of straining. This is in accord with the increase in 

the tensile and yield strength with the increasing amount of straining. 

27 16 Steigerwald and Gerberich presented data on a number of high strength 
-, 

steels t~t showed a decrease Of'KIc with an increase of yield strength. 

Figures' 20 through 23 plot the KIc against the strength level expected 

of a particular treatment. Because dynamic strain aging produced con-

sistentlyhigher strength than the other two treatments, these figures do 

not give comparison between the KIc for a given stress for the, three 

treatments. Only in Fig. 20 can it be seen that the data points of the 
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dynamically strain aged C-Fe steel specimens seemed to occupy higher 

positions in the KIc values. This is partly due to'the fact that higher 

temperature was used in the dynamically strain aged specimen for a given 

strength. In other words the dynamic strain aging allowed use of a 

higher temperature to obtain a given strength than the other two treat-

ments which must rely on the treatment at a lower temperature. Cohen 

et al.28 obtained similar results with 9Ni-4Co steel containing 0.25% 

and 0.45% carbon. They found that strain tempering, which is equivalent 

to strain aging, was not detrimental to the fracture toughness of martensite 

when evaluated for a given strength level. They also noted that the yield 

strength was improved by strain tempering above the maximum value obtainable. 

by quenching and tempering alone. Strain aging treatments for the C-Mo-Fe 

.steel and the C-Cr-Fe steel below 400°C gave consistently higher strengths 

than the highest strength values obtained by the control specimens. 

Therefore, the comparison of the KIc values for a given strength level 

for these two alloy steels were not made. It could have been possible if 

strain aging treatments had been extenaed to include 600°C or possibly 

higher treating temperatures. 

One-half each of the fracture toughness specimens are shown in Figs. 

24, 25 and 26. The C-Fe steel specimens show a transition from a completely 

square fr.acture to a completely V-slant fracture as the aging temperature 

was raised. Nearly all of the C-Mo-Fe steel specimens show square fractures, 

whereas nearly all of the C-Cr-Fe steel specimens show completely slant 

fractures. It is interesting to recall that all of the C-Cr-Fe steel 

tensile specimens also broke with slant fractures and all of the C-Mo-Fe 

steel tensile specimens broke with cup and cone fractures. 

-. 

.... 
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C. Relationship between Ductility and Toughness 

A compariso~ of Fig. 14 with Figs. 24, 25 and 26 presents an inter

esting aspect in the relationship between elongation and toughness. It 

can be seen in Fig. 25 that the fracture toughness specimens of the C-Mo-Fe 

steel all show very brittle fractures, whereas their counterpart of tensile 

specimens showed the most ductile fracture among the three steels. There 

seems to be very little correlation between the elongation values and the 

fracture toughnesso This is also true with the C-Cr-Fe steel specimens. 

Although all of the ,tensile specimens of the C-Cr-Fe steel broke in shear, 

several of them showed very little elongation, i.e., one or two percent 

or less~ In spite of this low elongation value, most of the C-Cr-Fe fractUre 

toughness specimens did not have a pop-in and broke with a 100% shear, an 

indication of a high toughness value. In the case of the C-Fe steel, both 

the tensile specimens and the fracture toughness specimens gave a brittle

ductile transition as a function of processing temperature. It should be 

noted that the C-Fe steel tensile specimens treated at room temperature, 

100°C, and 200°C, showed very little elongation while those of the C-Mo-Fe 

steel showed 6% to 10% elongationo Yet, the fracture toughness specimens 

treated at those temperatures showed more shear fracture areas with the 

C-Fe steel than with the C-Mo-Fe steel. These examples are cited to show 

that ther~ is very little correlation between what is called ductility 

(% elongation) and toughness (KIc ). 

D. Microstructures and the Alloying Elements 

All of the fracture toughness specimens were examined near the frac

tUre region using a light microscope. All showed a fine grain size, ASTM 
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No. 10 or finer, including all of the C-Mo-Fe steel specimens, which 

required a higher solution treating temperature (18500 F) than the other 

two steels. Since all specimens of the three steels have a fine grain 

size and are similar in this respect, the grain size variations could 

not be held responsible for the differences in toughness. The cold rolling 

prior to austenitizing could have been primarily responsible for this fine 

grain size. Some of the typical microstructures are shown in Figs. 27 

through 30. Very few non-metallic inclusions were noted.. 

There was some evidence of alloying element segregation. The C~Mo-Fe 

steel specimens showed elongated networks of what appeared to be carbide 

chains. Figure 29 (a) is a moderate case of this network and Fig. 29 (b) 

. is an extreme case. A large amount of a spheroidal phase was found in the 

. ) darker areas in Fig. 29 (b). An example of the spheroids ,is: shown in 

Fig. 28(b). Also', the C-Mo-Fe steel is the one which showed a surface 

decarburization, as shown in Fig. 28 (a).. The specimens prior to the heat 

treatment showed the same massive carbide networks and the surface decar-

bur izat ion. However, it is suspected that the presence of the massive 

carbide networks might be due to too Iowa solution treating temperature 

(18500 F) or perhaps not long enough solution treating time. 

The more the undissolved carbides present, the more depleted the matrix 

is in carbon and in alloying elements. Thus, the fact that the C-Mo-Fe 

'steel specimens show a large amount of undissolved carbide could be par-

tially responsible for the decrease in the tensile and yield strength of 

the C-Mo-Fe steel treated at 400°C. Although secondary hardening in the 

C-Mo-Fe steel by the formation of Mo2C (theta carbide)29 -31 is not expected 

° 10 to take place by tempering below 500 C, Busch showed no decrease in 

,. 

• 
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strength in dynamically strain aging his molybdenum steel at 400°C and 

500°C. His steel contained about 4% molybdenum and almost no carbon. 

Busch obtained the greatest strengthening effect at 400°C and 500°C with 

this alloy. 

Figure 11 gives an indication that the secondary hardening in the 

C~Mo-Fe steel apparently took effect in the strain aged specimen but not 

in the control specimen. It is felt that the present work should be 

extended so that the treatment at 500°C and 600°C be included in the two 

alloy steels. This is also indicated likewise by Trozzo and Pellissier.32 

A steel containing 3% molybdenum and 0.1% carbon showed the secondary 

hardening peak when tempered at 600o C.33 

The C-Cr-Fe steel, too, showed a sort of segregation in its own way. 

,The darker areas in Fig. 30 (a) are the areas of high concentration of 

spheroids shown in Fig. 30 (b). Chromium is supposedly a stronger carbide 

24 . 
former than molybdenum, but does not show appreciable secondary hardening 

with the chromium content less thanl2%, as long as no other carbide forming 

3'1 
element is present. Dynamic strain aging of this C-Cr-Fe steel maintained 

the strength up to and possibly beyond 400°C. However, this steel was 

contaminated by molybdenum by an appreciable amount (0.34%), and thus, the 

stability cannot be attributed solely to the chromium. It was shown by 

Smith an~ Nuttin~l in their study on the tempering of a steel similar to 

the C-Cr-Fe steel in this wor~, that the addition of 0.5% molybdenum to a 

steel containing 3% chromi~ raised the general level of hardness and seemed 

to stabilize the epsilon-carbide, probably by the molybdenum replacement 

in the epsilon-carbide. 
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IV. CONCLUSION 

Dynamic and static strain aging gave strengthening above the strength 

level expected of the quenched and tempered steel for a given tempering 

(or aging) temperature. Both aging treatments reduced elongation values. 

However, there was little indication that the fracture toughness values 

decreased, corresponding to the strength increase or elongation decrease, 

as compared to the quenched and tempered condition. For a comparable 

toughness, a greater strength may be achieved from the strain aging treat-

ments. Dynamic strain aging produced somewhat higher strengthening than 

static strain aging. This accounts for a low value of (KI /a ) for the 
. c ys 

dynamically strain aged condition. It was also shown that the higher amount 

of straining during dynamic strain aging produced a higher strength but 

also a decrease in the fracture toughness. 

There was very little correlation between the conventional measure of 

ductility (elongation or reduction of area) and fracture toughness. For 

example, the C-Mo-Fe steel developed ductile tensile fractures with about 

lafo elongation but showed a KIc of about 45 ksi-:inl /
2

• The C-Cr-Fe steel 

developed as little as 1% elongation but showed a KIc of more than 

90 ks i,~in 1/2. 

The addition of molybdenum in the amount of 3.8% did not seem to have 

improved ;the KIc" Work should be carried but, however, to investigate the 

effect of solution treating temperatures of this alloy on the toughness, 

since the C-Mb-Fe steel specimens showed evidence of a large quantity of 

undissolved alloy carbides. 

On the other hand it has been shown that the chromium addition was 

effective in creasing the KIc ' although the effect of' 0034% molybdenum in 

.'" 
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this steel should be taken into consideration. This steel developed a very 

high fracture toughness value even when it became apparently . "embrittled " 

by the strain aging treatments around 250°C to 300°C. The C-Cr-Fe steel 

developed about the same tensile strength level of 220 ksi as the C-Mo-Fe 

steel. Yet the K1c of the C-Cr-Fe steel is about twice that of the 

C-Mo-Fe steel • 
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Table I 

The Ohemical Composition of the Three Alloy Steels 

hlementa C~Fe O-Mo-Jo'e C-Or-Fe 

Carbon (C) 0.2~' 0.1/3 0.20 

Mansanese (Mo) 0.01 0.01 0.01 

Chromium (Cr) 0.01* 0.04* ).6 

Nickel (Ni) '0.01 0.01 0.02 

,Molybdenum (Mo) 0.°1* ).8 0.34 

Vanadium (V) 0.005* 0.005* 0.005* 

Titanium (Ti) 0.01 0.01* 0.01* 

* denotes less than 

Note: The resluts were obtained by X-ray tlourescence 

except for carbon. Therefor~. the values with 

* would mean the absence of those ele~enta. 

I 
I 

I 
j 

I • ! 

I 
i 
1 

! 
! 
I , 
J 

I 

I 
I 
I 
I 



;. 

f 

. 

Fit 
V 

. .. 

.1 

-31-

.. 
" 

Table II 
Th! Resul ts of Tens Ile Tests of C-Fe Ste!l 

Test No. Strain 19ln\! Trea tT:!ents Ter.s f1 ~ Pro~ert les 
Hra I:It"1 101n., O.T.S. Y.S. Etono.(ton 

Temp it Amour. E I Telllp it j i 'I ~f.iTii:" -xn- Rs! I 

T -C-GA-' 194.8 178.6 0.9 

T -C-OA.-Z 176.4 168.8 0.4 

T-C-1A-1 100 10 193.5 167.7 2.0 
T-C-1S-1 20 0.8 100 10 205.2 205.2 0.0 
T-C-liH 100 0.7 100 10 186.7 186.7 0.2 

T -C-2A-1 200 10 198.7 179.5 1.5 
T-C-2S-1 20 1.0 200 10 206.7 206.7 0.4 
T -C-2D-1 200 2.4 200 10 217.6 217.6 0.3 

T-C-3A-1 320 5 159.1 151.0 12. 
T-C-lS-' 20 1.0 320 5 162.3 162.3 10. 
T-C-30-1 320 3. 320 5 11\3.8 143.8 8. 
T-C-30-! 300 0.5 300 5 184.6 184.6 8. 
T-C-31)-3 300 1.2 300 5 198.7 198.7 7. 

T-C-4A-' 400 5 133.6 12:'.8 14. 
T-C-4S-1 20 0.7 400 5 133.3 126.7 13. 
T -C-~ 0-1 400 0.8 400 5 125.8 125.8 13. 
T-C-41>-Z, 400 10. 400 5 100.0 100.0 10. 

'--~ ------:-.---~-:--~~-.::--:-"-.--.--.--, --_._----------_..:.-----:---
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I Table III I I 
'j 

I I 
The Rosults ot Tensile T~sts ot C-Mo-Po Steel 

i 
Teat Ho. Strsin A~lns Treot~nt8 TonsIl 0 Prooortioa U!lrdnoss : 

SbalnllU Aijln~ tJ";'lf;"S. - .-. X'2.~"j.~lrl;" 1/0ckwoIr t 
Temp (fd Amount ~ 'romp oC '!'Imo IIItn. -Kif- - .. ,,1 ~r()-..-- ; 

T-Mo-OA-l* ... -. 1')9.2 05.5 12 ,.4S 

'1'-Ho-OA-2 190.2 1S1~.2 11 4)S 

'1'-Mo-OS-l 20 0.7 20 (6 montha) 19).9 190.0 12 4).) I. 

'1'-Mo-IA-l* 100 10 192.1 152.6 11 '.lhO i 
'1'-1'10-15-1 20 1.0 100 10 204.9 204.9 8 44.0 I , 
'1'-110-21.-1 200 10 169.) ISI~.O 12 42.5 I 

~ '1'-1'10-23-1 20 0.8 ZOO 10 209.9 20'}.9 6 4)05 I 
~'j~!.~:!" 

\, 
.;,t:. . .;'~ 

'1'-Mo-)A-l )1$ 2 182.~ 158.8 1) l~\ .0 
'1'-110-)1.-7* )00 10 161. 1;:;5·\ 12 '.005 

I 

T-r.o-)S-1 20 0., )lS 2 19).6 19).!J 10 1~1.6 I '1'-140-30-1 )15 1. )1$ 2 210.7 210.7 9 4).2 I 
I 

'1'-Mo-)D-2 )00 1.0 )00 2 19/).1j. 191 1 10 h).6 ! 
'1'-11,0-)0.) )20 ).~ )20 1 ;>20.9 220.9 9 4).8 I 'l'-MO-)D-~ 290 2. 290 2 ;>10.6 210.8 10 42.6 
'1'-Mo-)D- • )00 1. )00 $ 202.6 20~./) 8 11205 I 
'1'-110-)D-6. )00 1.6 )00 1 l'n.a 197. '1 10 4205 

, 
'1'-110-41.-1 I~OO 2 11~./) ) :;".1 15 ~9.0 
'1'-110·4s-1 20 0.7 I~OO 2 lIll./) .t~1.8 1) ,0.5 
'1'-Mo-I,O-1 I~OO 1.~ 1,00 2 18605 in; " 10 110.) ;, 
'l'-Mo-4D-2 400 1. 1,00 2 19).1 1')).1 10 1~1.~ 

'l'-!·!o-SA-I0 SOO 10 IM.9 1$105 IS )9.S 
'1'-Mo-$A-l ~t)o 10 163 .1 1~9.9 1) 39.S 
'l'-Mo-SS-l -20 1.2 !jOO 10 HI7.) 1 7.) 11 ';0.$ 

~Speoblon:s In tho oo-quonohed condition botore tha oG1n3 trootmonta. 
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. Table IV 

The Results· ot Tonsl1e 'losts or C-Cr-Po 8teol 

, f.ali IIA. Straln Aslng Trtatmonta ...... "5.-T.~c:'!.~ y.rrte~ttel! !lnrdnotJa 
...!!~lnlnR - Arr. nlf'" -.-_. U.'l~ .• _.~ .~. ~'?!!!U. -.!i.A. TGl,j\mo IT 
'lompe AlIloun£ ~ ~'ompac-' 'fie,i'u mIn. ')(:\1 -,csr- ~~ :r- -·'(,,1'--

'1'-CI'-01-1 ZOl.0 161.9 10 )9 42.0 

'1'-Or-OS-1 20 2.0 20 (6 months) 212.0 ZlZ.0 8 ~~ 1~3.0 , T-Cr-OS-2 20 O.S 20 (6 lIlonths) 203.8 19$.7 10 . 42.6 j f.. 

i 
'l~r-lA-1 132 10 202.) 166.2 11 4) 4).Z ./ '1'-Cr-1S-l 20 0.5 13l 10 2l/~.$ 211~.$ 1.8 7 46.~ I T-Cr-lD-l 1)2 1.1~ 1)2 10 Z11.2 217.Z 1.6 ) 46. I 

I 
I '1'-Cr-24-1 Z)$ 10 200.1 177.7 ).2 6 I,,~.) 

'1'-Cr-2S-1 20 0.6 2)5 10 Z14.7 Z1~.7 1.S lZ I~!i.$ 
'1'-Cr-ZO-l 2)5 1.4 Z)$ 10 22$.2 Z2 .2 0.C; 7 46.S 

'1'-Cr-).\-1 )00 10 202.1 172.) 6 14 4).) 
'1'-Cr-)S-1 20 0.4 )00 10 192.1 192.1 10 )1 '10 .5 
'I'-Cr-)0-1 )00 1.7 )00 10 22).1 223.1 2.0 10 I,S.S 
'1'-Cr-)o.2 )00 O.S )00 10 217.) 217.) 2.0 6 I,S.) 
'I'-cr-)o-~ )00 1.9 )00 10 216.1 . 216.1 1.7 7 4S.1 
'I'-Cr-)o. )00 Z.l )00 10 227.Z 227.2 Z.O 17 1,6.S 

'1'.01'-41-1 400 10 19).8 169·a 8 zB 1~0.6 
'1'-Cr-I~S-1 20 o.S 400 10 131.8 111\ • 9 "0 t·o 
'I'-Cr-"D-1 400 1.8 400. 10 21).'~ 21).'~ S n 1'1.0 
'1'-Cr-40-2 "00 S.O 400 SlHt 219.1 219.1 6 2'~ 4!i.) 
'I'-Cr-"O-) 42S Z.9 42S Sit- 22).0 22).0 1.0 1I~ '~6.0 

~ aged undor no stress 

, 
f. 

j . 
i· 
i· 
I 

I. ... 

i' 
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!l!able V 

~h!l Results or Fraoture Toughness Tests of O-Fe Steel l 

; 
Strain Aging Treatments Fraoture Toughness Propertia s \. 

KIo/ a-
ls {KIC/try: 

,. 
'rest No. Straining Aging KIo 

I 

I· 
Temp 00 Amount" 'l'empoC 'l'ime min. 1(:JI-in"l in~ in t 

I 
i 

P-C-OA-l 39 .23 .o~ 
I 

P-C-OS-1 20 0.3' 37 .21 .0 I 
P-C-OS-2 20 0.3 52 .29 .0 4- \ 

F-C-OS-3 20 1.2 .1~1 .23 .053 I 
P-C-lA-l 100 10 (1) (1) i 
P-C-ID-l 100 0.6 100 10 (1 ) (1) i 
F-C-2A-l 200 5 50 .29 .084-

() F-C-2A-2 200 10 51 .29 .084. 
'~'I ' .. } F-C-2S-1 20 0., 200 ~ 51 .25 .06a ~.~.~f;~· 

F-C-2D-1 200 1. 200 38 .22 .04 
F-C-2D-2 200 0.3 200 10 52 .24- .058 

F-C-)A-1 300 5 55 .37 .137 
F-C-)S-l 20 0.3 300 5 58 .)5 •12l F-C-)D-2 JOO 1.~ j8g ~ 58 .Jl .09 
F-C-JD-) 300 2. 74 .39 .152 
p-C-JD-4 )00 0.7 )00 10 67 .)5 .123 

F-C-4A-l 400 (2) P) 
F-C-4S-1 20 Q.~ 400 (2) dl i. 
P-C-4-D-l 400 1. 4.00 (2) ! 

Notel (1) 8peclmens showed no pop-in 
(2) 'l'ha furnoce vas removed 09 800n as the speoimen wos strained. 
() Fraotured in full 8hear~ indicating duotile ta1lu. IS. 

'. 
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Table VI . 

~h' Results ot Fraoture Toughness Tests ot C-Ho-Fe steel 

.' St~aln Aging Treatments Praoture Toughness Pro~erties 

St~.inlns ASing KIo KIa!. {Ktol (JysY re., .0. O""IS 
t'elllp°C Amount ~ 'lompoC kni-ln'~ \ 

'1'll11e 1Il1n. in'i! In 

P-P.o-oA-l. 11$ .ll .109 
P-Mo-OA-2 119 .)2 .102 
P-Mo-OS-1 20 0.4 ~ .28 .076 
P-Ho-OS-2 20 0.9 119 .26 .068 

P-H0-2A-1 200 13 bO .2S .06) 
P-Ho-2A-2 ' 200 12 119 .2S .06a 
P-Ho-2S-1 20 o.~ 200 1) 51 .26 .06 
P-Ho-2S-1 20 O. 200 1) S2 .21 .07a 
P-Ho-20-1 200 0.8 200 1) SO .21~ .0S 
P-Mo-2D-2 200 1.S 200 12 )8 .1 .0)2 

P-Ho-)&-l 300 10 lP .28 .078 
P-Ho-)S-l 20 0.4 300 10 42 .22 .048 
P-l'.o-)D-l 300 0.9 300 10 ---!'-Ho-)D-2 300 o.S 300 10 47 .22 .048 
F-MO-3D-~ 300 0.8 300 10 40 .19 .0)6 
P-Mo-)D- )00 2.S 300 1 ,~ .14 .020 
P-Mo-JD-S* 300 0.0" 300 12 .20 •0110 
P-Ho-)D-60 )00 0.7 300 12 33 .16 .026 
P-Mo-)0-7* 300 0.7 300 12 4$ .21 .01:'1 

P-Mo-'44-1 400 7 $9 .39 .1$2 
P-Ko-4S-1 20 0.8 400 7 42 .2) .0$) 
1'-1'10-40-1 400 1.2· 400 7 44 .23 .0$) 

Note, .Speclmen In the es-quenohed oonditlon betore the strain aging troatMent 

"Strained and hold at Just below 71eld point. 

i' 

f , ,. 
I 

Hardnes. 
Rockwell 

"C" 

1111.0 
II?.!> 
11).0 
42.S 
1.2.S 
4).0 
112.2 
4).6 
II).S 
42.0 

110.4 
42.) 
43.0 
41.$ 
42.0 
44.0 
11).0 
113.2 
'1).0 

)9.$ 
41.S 
111.2 

I 
I 
I 
I 
i 

• t 

I 
·1 

\ 

i 
I 

I 
I . I 

I 
I 

! 
\ 

I 
I 
I" 

i 
I' , 
i 

, I , 
I 
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,----;'" , 

'l'ea' 110. 

P-Cr-OA-l 
P-Czo-OS-l 

P-Cr-U-l 
P-Cr-lS-1 
P-Cr-lD-l 

P-Cr-2A-l 
P-Cr-2S-1 
P-Cr-2D-l 

P-Cr-3A-l 
P-Cr-3S-1 
P-Cr-3D-I 
P-Cr-3D-2 
F-Cr-)D-3 
,F-Cr-)D-4 

P-Cr-4A-I 
P-Cr-4S-1 
P-Cr-4D-I 
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'fable VU 

The Result. ot Praoture Toughne811 'l'esta of C-Cr-Fe Steel 

StraIn Aging 'l'reatrr.onta __ 

StraIning AginB 

'fempoC Amount to 'lempoc 'lime mIn. 

20 

20 
100 

20 
200 

20 
300 
300 
300 
300 

20 
400 

I.S 

O.S 
1.0 

0.8 
loS 

0.7 
2.0 
0.7 
20S 
3.0 

OoS 
loS 

100 
100 
100 

200 
200 
200 

300 
300 
300 
300 
300 
300 

400 
400 
400 

10 
10 
10 

10 
10 
10 

10 
10 
10 
10 
10 
10 

8 
6 
6 

Fraoture Toughnesa 

v* (0 It rJtJ t "'e "'io;s ~~ 
-k-sl-.-i-n?l"T" InA" In 

91 . oS6 
83 .40 

68 .41 
86 .42 
8S .40 

8S .49 
87 .1~1 
91 ~42 

76 (120P) .I~S 
94 (130) .ll7 
87 (121) .39 
96 .44 

(l06) .41 
(96) .1~3 

77 .1~6 
76 .1~2 
8S .I~O 

.31 

.16 

.17 

.113 

.16 

.?.4 

.17 

.16 

.20 

.22 

.1S 

.19' 

.22 

.19 

.21 

.IA 

.16 

PropertJe s 

1S2 
1)0 

120 
134 
11~0 

139 
132 
123 

128 
135 
126 
132 
106 
98 

129 
12S 
131 

.94 

.63 

.7) 

.64 

.6S 

.1\0 

.63 
oS6 

.73 

.68 
oS7 
.61 
.47 
.4) 

.76 

.69 

.62 . , 

) 

) . ; 
I 
I, 
I 

~ . 
i 
) 

I 

~~ 
Rookwell 

Il2.S 
'l2.9, 

1~).4 "I 
1~3.s 
1~3.S 

1~3.2 
114.1 
Il4.) 

1~3.0 
42.8 
44.0 
43.0 
43.S 
4)05 

41,0. 
41,2 
42.0 

Notel (1) KLa was obtained using the load dotermined bl the offset line whoso slope was 
S~-Iess than the slope of tha tangont in the elastic region of the load
displacement curve. 

(2) 

() 

Kg was obtained using the load at tracturo. It is considerod to ba the lowar 
bound on Kc. . 
Tho values in parantheses wore obtained from the pop-in loads. 

.' 
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Fig. 1 The arrangement of the tensile specimen (right) 
• 

and the fractu're toughness specimen for 

straining (left). 
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Fig. 2 The ~rapture toughness· specimen be~ore strain 

aging treatment (I) and after (II). 
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a 

b XBB 684-2087 

Fig. 3. (a) shows a fracture toughness specimen gripped in the self
tightening jaws, which are enclosed in the furnace as shown in (b). 
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Fige 4 Schematic illustration of the three types of 

thermal-mechanical treatments used in this work. 
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XBB 684-2088 

Fig. 5. A pre-cracked fracture toughness specimen being pulled with an 
LVDT extensometer attached on the side with the crack. 
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Dhplacement 
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Fig. 6 Load-displacement curves of some of the C-Fe steel 

~racture toughness tests. 
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Fig. 7 Load-displacement curves ot some ot the C-Mo-Fe steel 

. tracture '. toughness tests. 
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Fig. 8 Load-displacement curves of some of the C-Cr-Fe 

. steel .fracture toughness tests. 
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Fig. 9 Calibration curve of the normalized displacement 

versus the ratio of 'Ii'le crack depth' to -the 't-lidth 

of the specimen. 
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o • S: Static Strain Aging 

• " Dr D7nUlic straIn aging 
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i I 
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Fig. 10 The ef'f'ect of' thermal-mechanical treatments on 

the tensile properties' of C-Fe steel. 
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Fig. 11 The effect of thermal~mechanical treatments on 

the tensile properties of C-Ho-Fe steel. 
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Fig. 12 The,effect of ther.mal~machanical treatments on 

the tensile properties or O-Or-Fe steel. 

1"1 

" 



d:-( ';' . . : .' J 
'--" 

-49-

,',I 

"'., '. 

------~~-------------------------~~--~~----~~---.~~~~ .. ~, --~ , . 

I .. 'v 

T.S. 

ksl 

220 

210 

200 

190 

180 

1 2 3 

Amount of straining for strain aging, % 

r: 
I 

I 
f , I ,. 
t/~ , 
~. . 
I 
I ,. 
I 
i 

I 
i 
I 

-~--.----.- -., ._- ~-.- -_. --~~--. -- ..• ~ -._-_. -- - _. __ ._. __ .,. -- -- - ,- - ... -~-----.. -- ---------------,_ .. --........ -.--_._--, ....... _,_.,.} 

Fig. 13 The effect of amount of straining during dynamic 
, ) 

strain· aging at 3000 0 on the tensile strength of 

. O-Mo-lt'e steel. 



-50-

XBB 684 - 2089 

Fig. 14. The fracture faces of tensile specimens. 



• • CI 
J. 
~ ., 

-51-

I 
"' --_ .. _-- ----- , - .. " -----.. ------~------ ----------- _.-. -_ ... _----: 

I 

o 

I 
, ; 

I 

D: DJna~tc Rtraln ~~ing 

J 

I 
AI Control (A~1ng only) 

S: Static strain ag1ng 

I 
--------,)-{-----------------------------! strain 

I 

Fig. 15 I 
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dicgJ/lm or specimens treated in four different 
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Fig. 16 The errect of thermal-mechanical treatments on 

the fracture toughness of C-Fe steel. 
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Fig. 17 The effect of thermal-mechanical trea"cments on 

the fracture toughness of C-Mo-Fe steel. 
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Fig. 18 The effect of thermel-mechanical"treatments on 

the tracture tough.~ess of C-Cr-Fe steel. 
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The e~fect o~ amount o~ straining during strain 

ag~ng on' the fracture t9ughness. 
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Fig. 20 The relationship between the fracture toughness 

and the yield strength of C-Fe steel. 
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XBB 684-2090 

Fig. 24. The fracture f aces of the C-Fe steel fracture toughness specimens. 
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XBB 684-2091 

Fig. 25. The fracture f a ces of the C-Mo -Fe steel fracture toughness specimens. 
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XBB 684-2092 

Fig. 26. The fracture f a ce s of the C-Cr-Fe steel fracture toughness 
specimens. All specimens, except 3D-3 and 3D-4, formed 
fractures 45° with the specimen axis. 



(a) 200x 

(b) 2000X XBB 684-2093 

Fig. 27. Micrographs from F-C-3D-l. Etched in nital. 
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(a) 200x 

XBB 684- 2094 

(b) 1500x 

Fig. 28. Micrographs from F-Mo-OA-l*. Etched in nital. 
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(a) F-Mo-OA -2 200X 

XBB 684-2095 

F-Mo-3D-6* 200x 

Fig. 29. Micrographs from the C-Mo-Fe steel fracture toughness 
specimens showing the carbide segregation. Etched in nital. 
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(a) 200x 

XBB 684-2096 

(b) 1500x 

Fig. 30 . Micrographs from F-Cr-OA-l. Etched in nital . 
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This report was prepared-as an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment'or contract 
with the Commission, or his employment with such contractor. 
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