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t ·X· 
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Inorr_;::t11ic ;'•bteriaL.:; Re:.:earch Di.vi::icm, La-v;rrcncc Radiati.nn Lr~.bo:·:ttory 

und Dc.D:J.rtm.:~nt of M1ner< .. l 1\:chnoloc~Y, College of l~n~·;.ineerL1g, 

University of Californiu, Bcrkel~..:y, Cnli:.Corni:1 

The utilization of high strength in materials is precluded by titeir 

marginal toughness. An important merit of a structural m:tteris.l c~m be 

described by the relative value:; of the fracture tou::;hness, K , and the 
c 

vicld strenrrth a • For most avaiL.lble materials the reLi.:1 bility ratio 
v u ys 

i( /cr dru . ..;; below unity at yield stren[£ths above 200,000 psi. Tlm~;, · c ys ~ 

an i:.~portant goal of the metallurgist becomes th:'l. t of develop inc; :-ni d'O-

structures in alloys such that the reliability ratio is maintained :.t 

unity to higher strength levels. This note describes the prcxluction of 

.such microstructures in alloy steels with yield ctrengths approachin['; 

275,000 psi. 

The strengthening process cho.sen for- this study 1.-ras that of dyn~lfnic 

strain aging, in Hhich small strains are applied to martensitic ct--:·l;l;:; 

in the range between room temperature and the tempering temperature. The: 

reason for utilizing this process vas two-fold: (a) Prior information on 

dynamically strain aged H-11 (5Cr-0.4o carbon die steel) inclicnted tlnt 

large yield strength increases could be obtained 1vithout any loss of 

cluc~cility and (o) stable load-elon138.tion curves vrcrc obtained u.::: opposed 

to tl1.:c yield instability associated with conventionu.l stro.in acin~-:. 

t 
[,,:_::;:·oj •. ~t-Gencral, So.cramC;nto, California 

·X· 
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Three 101-r u.lloy steels were studied in both the quenched and t ,_·rnpercd 

and ausfo:rm ccndi tion:~. The compociLions are shn1 n in Tu.ble I. Tl1c:' 

:n.<stcni tL;j.:·:j "'·'J~:peratures v1ere the same for both conditions: 900° C for 

t:iy-Tuf and D6ac, <:tnd l0L~0° C for 5M2l. The ausform steels, reduced 5o% 

by rollino;, were deformed at 595°C, 565°C, and 620°C for Hy-Tuf, D6ac, 

a.nd 5M2l, respectively, and oil quenched. The conventionally heat treated 

sheets Here oil quenched directly from the austenitizinc; temperature. All 

steels were tempered twice for two hours at 205°C. The sheets were strained 

at selected temperatures by pack rolling in order to achieve uniform strain. 

The actual temperature during strain, as determined by a contact pyrometer, 

was estimated to be within± l0°C of the reported value. Measured reduc­

tions in thickness were 2-l/2 ± 1% for the ausformed steels and 6 ± 11i> 

for the quenched and tempered steels. 

For screening purposes, pre-cracked Charpy specimens were tested for 

each condition. From these and the tensile data, conditions for '\ride­

plate" fracture toughness tests were selected. For the vlide-plate tests, 

non;.inal 5" x 16"pieces were processed to the desired conditions. Both 

the ink 1 and calibrated displacement gauge methods were utilized. The 

results obtained vlith the ink method were approximately 3Cf/o lov1er than 

those obtained with the displacement gauge. The former results are re­

ported here for comparison with published data. 

Strength, ductility, and toughness were measured as a function of 

straining and tempering temperatures. Structural observations were made 

on the strained and unstrained steels. 

The fracture toughness of the ausfDrm steels as a function of strain 

temperatui·c~~ is shmm in Fig. l. In the early stage of this investit:;ation 

a h:i,)1 incidence of plastic instabilities in tensile tests wo.s ob:.>erved 
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TABJ~E I 

c Cr Mo v Ni Mn r<' 0l 

Hy Tuf 0.25 0.30 0.39 1.74 1..35 1.25 

D6AC 0.26 1.14 0.99 0.02 0.54 o. 70 0.22 

)I1l2l 0.19 0.48 2.93 3.02 0.49 0.36 

for t:--,ose specimens strained at low temperatures. For this reason, no 

tests were r~de on statically strain-aged material. However, the observed 

trend of increasing Kc with decreasing strain temperature implies that the 

fracture toughness cannot be sirrvly related to the stress-strain curve. 

These wide-plate results suggest that static strain aging should net be 

neglected as a useful strenc;thening process. The above conclusion is 

based on the results obtained ivith the relatively low strain rate of the 

-vride-plate tests. 

The yield strength of the strain aged ausform steels is .shovrn as a 

function of the strain temperature in Fig. 2. The curves in the fjc;ure 

represent the upper and lower limits of the variation in yield ::;trcngth 

with finul tempering temperature. The mean value of the strength increase 

wa~; a';)out 4o, 000 psi or 25%. 

2 
A compilation of the fracture and strength data on conventio:1o.l 

quench and temper steels and the best commercially available ultra-high 

strength steels is shown in Fig. 3. A reliability plot of K /a ver.sus 
c ys 

the yi·cld stren,g-'ch is shown -vrith the data of this invectigation superimposed. 

'.I\ro point.3 are irru'ilediately apparent: (l) that above 250,000 ps~ the stre:-Jgth-

touc;hness combination of the dynamically strain-ac;cd au::;form steels is sup-

erior to that of the best steels developed to date; (2) that the sbpe of 
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the curve is small, suggestir,g that high toughness might be J~nint;' :incd t,, 

strength levels as high as 300,000 psi. 

Of the ausform materials \·Ti th a yield strength r;reater than 2117,000 .psi, 

there \·ten; four vi th a plastic instability and four vii th norm~-~.1 i·rorJ.;: ho..rcl-

ening behavior. For the former, the average yield strength \vas 26n,ooo psi 

and the ave::age Kc was 259 ksi-in.
1

/
2

, Hhile for the latter the average 

valuc-:s Here 254,000 psi and 247 ksi -in.
1

/
2

. Thus, vrithin these experimental 

conditions, the reliability factor, Kc/crys is not simply related to the 

shape of the static stress-strain curve. 

The effect of dynamic strain aging on the yield strength of the 

quenched and tempered steels is shovm in Fig. 4. By appropriate choice 

of strain and. tempering temperatures, the strength of quenched and tempered 

stc:::l.:; was increased by a bout 4o, 000 psi, i.e., to the base strengtll of the 

aus:f:'o:r1~1 steels, as is shown for Hy-Tuf in Fig. 5. 

The touglm.ess of all materials vms investigated ·with pre-cracked ChCJ.rpy 

For the ausform steels, Hhere Hide-plate re:;uli;s "lverc 

available, there 1vas no satisfactory correlation between the t,Ho types of 

test;:;. A detailed comparison of these results >vill be published. 3 

Preliminary structural studies using carbide extraction replico..s in-

dicated that a ne•ir carbide dispersion is produced by dyanmic strain ac;inc;. 

Micrographs of the unstrained and strained ausform D6ac are shown in Fie;. 

6. The observed. particle spacings are too large to accow1t for the strenc;th 

by an Ormvan-type mechanism. The rol~ of these particles in the strain ac;ed 

.steel may be sir;;ilar to that of alloy carbides formed durinc; <LUsforming. 

4 
et al . suggest that the carbides act both as di8location 8ources 

. nd :.:,:: barriers, effectively increasing the dislocation clcn;:;ity. Kch and 

5 
Le::; i.::..<; hc:we observed in iron carbon alloys that dynamic strain ac;inc; 
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l!roduces a finer carbide di:.::I)ersion and a higher disloc3.tion density than 

<:oittel" quench ar;ing or static strain aging. Thus, the primary strcnc;then­

inc; mechanL;;m in dynamic strain aging may be that of increased dislc:cCL t ion 

density rather than dispersion hardening. 
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FIGURE CAPTIONS 

The fracture touc;hness (Kc) of the ausform steels as a i'unc.tion 

of strain temperatures. 

'I'he yield strength as .. a function of strain temperature for 

several tempering temperatures for the ausform steels. 

Fracture resistance ratio (K /a ) versus yield strength for the 
c ys 

best commercially available ultra-high strength steels. Data 

. points are from this investigation. 

The yield strength as a function of strain temperature for 

several tempering temperatures for the quenched and tempered 

steels. 

A comparison of the yield strengths of dynamically strain aged 

quenched and tempered and ausform Hy-Tuf as a function of strain 

tempel"a ture. 

C>,rbide extraction replicas of ausform D6ac: left-unstrained; 

right-strained at 225°C. 

Composition of Alloys 
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