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MICROSTRUCTURAL VARIABLES AND FRACTURE TOlTGHNESS 
OF HIGH STRENGTH Mo AND Mo-Ni STEELS 

Thomas Tom 

Inorganic Materials Research Division, Lawrence Berkeley Lahoratory and 
Department of Materials Science and Engineering, College of Engineering; 

University of California, Berkeley, California 

ABSTRACT 

The relationship between microstructure and room temperature 

fracture toughness has been studied for a series of Fe-C-Mo and 

Fe-C-Mo-Ni steels. The techniques of transmission and extraction 

replica electron microscopy, scanning electron microscopy, and optical 

metallography were used to characterize the structure, while plane-

strain fracture toughness tests were used to determine the fracture 

properties. High fracture toughness was achieved for 1600°F as well 

as 2200°F austenitizing temperature. Fracture toughness was insensitive 

to the range of prior austenite grain size studied (ASTM grain size I 

for 2200°F and ASTM grain size 6 for 1600°F). The pres~nce of 

undissolved carbides, (F~o)6C, had ,no effect (~ 0.05 ~ in size) and 

a detrimental effect (~ 1-3 ~ in size) on fracture toughness. The 

M temperature was> 400°C for alloys exhibiting high toughness. No 
s 

embritt1ement phenomenon (1. e. tempered martensite or temper embritt1e-

ment) was observed during tempering of these alloys. 
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INTRODUCTION 

In order to fully utilize the strength of a material, the fracture 

behavior must be considered. The development of fracture mechanics 

has provided a sound basis for quantitatively evaluating the fracture 

toughness of high strength (> 200,000 psi) steels and other alloys. 

The general trend observed for high strength steels is that of 

decreasing toughness with increasing strength. Thus, there has been 

a great interept to understand the interrelationship of fracture 

toughness, strength and microstructure so that new steels of low alloy 

content can be developed with high strength and high fracture toughness 

which would be comparable or better than 18% Ni maraging steel. 

The purpose of this investigation was to examine the microstructure/ 

toughness relationship for a series of Fe/C/Mo and Fe/C/Mo/Ni steels 

subjected to various heat treatments. This was accomplished by use 

of transmission and extractive replica electron microscopy, scanning 

electron microscopy, optical microscopy, and fracture toughness testing 

techniques. 

The 0.3-C-SMo steel has been shown to have high strength and • 

high toughness (yield strength of 214,000 psi and K
IC 

= 100 ksi - in1/ 2) 

in the as-quenched condition when austenitized at 2200°F. Results for 

4340 show an increase in fracture toughness when the austenitizing 

temperature is raised from 1600°F to 2200°F. Thus, the first stage 

of the investigation was to determine the effect of au steniti zing 

temperature on fracture toughness for the SMa steels and the factors 
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attributing to the high fracture toughness. The subsequent alloys were 
,; 

designed so.that the effect of each microstructural variable on the 
.. ' , 

fracture toughness could be ascertained. i .. ~ 

i 
I 

" 
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II. EXPERIMENTAL PROCEDURE 
" 

.'. A. Material Preparation 

'~ 

• The steels used for this investigation were melted in a 100 

kilowatt vacuum induction furnace. The furnace was purged once with 

helium and backfilled wi th argon (99.98% purity) prior to each melt. 

The carbon and manganese were added last to the melt to minimize 

losses. Two 20 lb. ingots were poured from each melt. The as-cast 

ingots were forged at 1100°C into 3/4 in. by 2 1/2 in. bars. The 

bars were then hot rolled at 1100°C to final thickness. Sandblasting 

was employed to remove oxide scale formed during the forging and hot 

rolling operations. The material was then homogenized for 48 hours 

at l200°C in a vacuum, and then furnace cooled. Samples for chemical 

analysis were taken after the homogenizing treatment. The results 

of the analyses are given in Table 1. 

Specimens for mechanical testing were cut from the rolled bars 

and austenitized for one hour in a vertical tube furnace wi.th an 

argon atmosphere (see Fig. 1). The specimens being heat treated were 

quenched into an agitated ice-lO% brine bath for one minute and 

immediately refrigerated in liquid nitrogen for 15 minutes. The to be 

tempered specimens were held in a salt bath for one hour and air 

.,J_ \t' cooled. Every alloy was checked for complete through hardening by 

measuring hardness values across the thickness piece having the same 

dimensions as the test specimens. No significant variations in 

hardness were found. 
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B. Mechanical Testing 

1. Hardness Testing '/ 

Rockwell 'e' hardness values were obtained from all broken fracture 

toughness specimens. The broken specimens were sectioned parallel to· 

the direction of rolling. The cut surface was prepared using standard 

metallographic polishing techniques prior to hardness testing. At 

least six indentations were made in each specimen, the hardness values 

reported are the averages of tests on each specimen. 

2. Tensile Test 

The room temperature longitudinal tensile properties were 

determined using the one inch gauge length, 0.250 in. diameter ASTM 

specified round specimen shown in Fig. 2. The blanks for the tensile 

specimens were cut from rolled bars that had been heat treated and 

wet ground (see Fig. 3). Heat treating the tensile specimens in 

blank form ensured, as closely as possible, similar cooling rates 

during quenching. 

A 300,000 lb. capacity MTS machine was used to test specimens at a 

loading rate of 0.04 in. /inin~ the 0.2% offset yield strength was determined 

from 1) the load vs. short stroke (i. e. crosshead displacement curve) 

and the, measured elongation, 2) by a strain gage attached to the 

specimen. Both methods resulted in the same yield strength values • 

. ( 
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The room temperature transverse (L-T code see Fig. 4) fracture 

toughness testing was performed using the compact tension specimen 

shown in Fig. 5. These dimensions ~omply with ASTM standards code 

1-3 on fracture toughness and are valid for thicknesses between 0.5 

to 1.0 inches. Prior to heat treating, the specimens were machined 

to the dimensions shown, but without the 0.008 in. slot. After heat 

treating, 0.015 in. was wet ground from each side.. This procedure 

ensured removal of any possible decarburized layer which could affect 

the results. Finally, the 0.008 in. wide crack nucleating slot was 

ground 0.050 in. deep. 

A 300,000 lb. capacity MTS machine was used to fatigue-precrack 

the specimens at 6 cycles/second. The total crack length (a), which 

is measured from center of 1/2 in. diameter pin holes to the tip of 

the fatigue-precrack should be between 0.45 and 0.55 W (in our case, 

W = 2 in. therefore 0.900 < a < 1.100). The cracks were fatigued 

to a minimum length of 0.050 in., which was sufficient to meet require-

ments for total crack length and minimum legnth of fatigue crack; 

this required approximately 10,000 cycles for crack growth (a maximum 

length of 0.200 in. is permissible for the fatigue crack). The fatigue 

crack was observed through a low power optical microscope at the 

surface of the specimen. Maximum loads were kept high enough to 

provide reasonable fatigue crack growth rates and yet not so high that 

loading exceeded the recommendations in ASTM standardl - 3 which are: 
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K 
max ~ 0.002 in.l/2 

E 

K < max 

~K > 0.90 K max 

K 
max 

maximum stress ~ntensity at the 
termination of f!atiguing 

E = Young's modulus 

conditional stress intensity 
determined in the subsequent 
fracture test 

~K stress intensity range (K - Kmi ) . max n 

The K calibration for this specimen geometry has been worked out 

4 by Srawely and Gross. They expressed stress intensity as a function 

of specimen geometry and load and the solution was in the following 

form: 

where 

K = 
p 

f(a) 
w 

K = stress intensity 

a = crack length 

P = load 

B = thickness of specimen 

w = width of specimen 

f(:) = a function dependent on·(;) of the specimen 
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Appendix I lists the computed values of f(~) for various values of 
w 

(a) and Fig. 6 is a plot between KBWl / 2/p vs (a/w). 
w 

The critical crack length at which instability occurs was obtained 

using a Crack Opening Displacement (COD) gage attached to the specimen, 

as shown in Fig. 7. In order to be able to do ,this a prior calibration 

between crack length and COD had to be established. The calibration 

curve was obtained by machining progressively longer slots (simulating 

the crack) into a calibration specimen and correspondingly measuring 

the COD for conditions of elastic loading (in our case, a predeter-

mined load of 2700 lbs. was used). The results are plotted in Fig. 8 

and show the relation between two dimensionless parameters 

VBE a 
pvs w 

where V is displacement (in inches) recorded by the COD gage. 

A 300,000 lb. capacity MTS machine was used to test specimens at 

a loading rate of 0.04 in./min.; same as for the tensile tests. During 

every fracture test, two plots were made. Load vs COD (V) and load 

vs Short Stroke (crosshead displacement) were independently recorded 

on two X-Y recorders. The linearity of the COD gage was checked 

before every test to ensure the validity of the COD gage reading. 

The procedure for calculation of KIC is as follows: 

a) Draw the secant line OP
S 

shown in Fig. 9, through the origin 

of the test record with slope (P/V)S = 0.9S (P/V)O' where (P/V)O is 

the slope of the tangent OA to the initial linear. part of the record. 

The load PQ is then defined as follows: if the load at every point 

on the record which precedes Ps is lower than Ps ,then PQ = Ps 
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(Fig. 9, type I); if there is a maximum load preceding P5' then this 

maximum load is P Q (Fig. 9 types II and III). 

b) P
Q 

and V
Q 

which have determined above are substituted into 

~----______ ~~BE1p and from Fig. 8 (a/w) is determined. 

KBwlL2 
c) Appendix I gives the variation of Y ( = c...-~p--=-----;):--w-i:-t-;:h~("--a-7Wj-----

and therefore KQ can be evaluated. 

d) . The KQ value calculated from (C) is nota valid KIC value 

1 unless it meets the criteria set by ASTM stand~rds which are: 

B ~ 2.5 

1.10 

C. Microscopy 

1. Optical Metallography 

. Specimens for optical metallography were cut from the heat treated 

fracture specimens, mounted in Koldmount, abraded on silicon carbide 

papers down to 600 grit, polished on a 1 ~ diamond abrasive wheel, 

and final polish in Syntron with 0.05 gamma micropolish. They were 

etched with 2% or 5% nital solution. 

2. Scanning Electron Microscopy 

The fracture topography of every fracture specimen~as examined 

using a JEOLCO JSM-V3 scanning electron microscope (SEM). The fracture 

surfaces were wet covered with acetate tape and the fracture area 

I 
- I 
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extending to the tip of the machined notch plus about 1/4 in. was 

\, sliced from the specimen so as to suit the specimen holder. The 
" 

,-, • acetate tape was then stripped and the surface ultrasonically cleaned 
,~ 

'. with acetone. 

3. Carbon Replica 

The specimens for optical metallography were repolished. The 

surfaces were cleaned with soap and water, rinsed with alcohol, 

ultrasonically cleaned in-acetone, etched with 5% nital, swabbed with 

soap and water, and finally rinsed with alcohol and dried. These 

steps were taken to assure a clean surface prior to depositing the 

carbon. The carbon was deposited in a vacuum evaporator, a grid 

scribed in the carbon layer, and extracted in ethyl alcohol 10% 

hydrochloric acid solution. The replicas were examined in a Simens 

E1miskop IA microscope operated at 60 KV. The magnification was 

calibrated by "means of a calibrated carbon grating produced by 

E. H. Fullman Co. 

4. Transmission Electron Microscopy 

Thin foils were observed with a Simens E1miskop IA microscope 

operated atiOO KV. Foil preparation consisted of chemically 

thinning 20 mil thick sections to 4 mil, followed by jet polishing. 

The sections were taken from bulk fracture specimens. The chemical 

thinning solution was 5% hydrofluoric acid in hydrogen peroxide. A 

twin jet electropolishing unit was used at 20-25 V and 15-20 ma, 

with a solution of 75 mg of Cr03 in 400 ml of acetic acid and 20 ro1 
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of distilled water at 10°C. 

D. X-Ray Analysis 

Ln-oxder_to __ ensure complete transformation of austenite to 

martensite occurred when cooled to liquid nitrogen temperature, x-ray 

analysis were conducted on all as-quenched specimens. Specimen slices 

were cut from the fracture toughness specimen and then scanned. in a 

Norelco x-ray diffractometer using Cu Ka radiation. The scanning 

was conducted from 40-52° in order to be able to detect the (lll)y' 

(011)0.' and (002)y peaks at the 20 angles of 43.7°,44.7° and 50.9° 

respectively. In all cases the retained austenite content was too 

low to be detected by x-ray analysis. It was thus confirmed that 

retained austenite was absent or presence was less than 1%. 

X-ray analysis was also conducted to identify the undissolved 
, 

carbides present is the 5Mo and 2Mo steels. The scanning was 

conducted from 10-90°. 

E. M Temperature Measurement 
~ 

The M temperature of each alloy studied was determined using 
s 

1/2 in. x 1 in. x 0.20 in thick coupons. The procedure involved was 

as follows: 1) austenitizing at 2200°F for seven minutes in argon 

atmosphere, 2) quenching directly to a salt bath held at the tempera-

ture being studied for 15 minutes, 3) up quenching into a second salt 
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bath held at 650°C for half an hour, 4) quenched in ice-lO% brine, 

5) standard metallographic preparation for optical examination with 

a Carl Zeiss Metallograph. 

The 0.020 in. thick coupons were used to insure uniform 

and rapid thermal equilibrium during the quenching steps. The 

upquenching step was used to temper any martensite that may have 

formed during the initial quench. The tempered martensite was quite 

distinct from the untempered martensite after etching with 5% nital. 

, Measured MI temperatures for all ailoys are given in Table 2. 
s 
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III. RESULTS AND DISCUSSION 

A. Mechanical Properties 

1. Hardness and Tensile Properties 

The room temperature longitudinal tensilepropertj:-e-s-'-and----_____ _ 

Rockwell 'c' hardriess are given in Tables III through XII and also 

shown graphically in Figs. 10 through 21. The values of yield 

strength (0 ), ultimate strength (0 ), elongation, and reduction in 
.y u 

area were determined by conventional means. The values of the strain 

hardening coefficient (n) and true strain at fracture (e:f ) were deter

mined from the following equations: 

= 

where e: is the true ultimate strain, e is the engineering strain, uu 

Ao the original cross-sectional area, and Af the cross-sectional 

area at fracture. 

The hardness vs austenitizing temperature curves for alloys 

A and B (0.3-C-SMo, 0.4l-C-SMo respectively) is given in Fig. lSb. 

Both alloys exhibited slight increases in hardness which was attributed 

to the dissolution of undissolved carbides present at the lower 

austenitizing temperatures. GrangeS and Marder and Krauss6 have 

shown that yield strength of martensite increases as prior austenite 

grain size decreases. However in the SMo steels ,"the yield strength 

, 
·~·i 

, 
Ii. 

~ 
i 
f 

! 
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increased with prior austenite grain size. This reverse can be 

explained by the fact that the predominate factor on yield strength 

in the 5Mo steels is the amount of supersaturated carbon in 

martensite. 7-9 Since all the carbon is in solution at 2200°F heat 

treatment, the yield strength would be higher than the l600°F and 

l800°F due to the presence of undissolved carbides which decreases 

the amount of carbon in martensite. As shown in Fig. l5(b) , the 

percent elongation and reduction in area varied inversely with the , 
strength levels. As expected the 0.41 ~c had higher tensile properties 

than 0.3 -c. 

For the ZMo and ZMo-3Ni steels, it can be seen that the a and 
y 

a vs tempering temperature curves, (Fig. 'lIb and l2b) showed the 
u 

same trend observed in the hardness vs tempering temperature (Fig. 

l6b and l7b). The strength levels are high in .the as-quenched condition 

and continually decrease with increasing tempering temperature and level 

off in the 500°C to 600°C range. As shown in Figs. l6a and l7a the percent 

elongation and reduction in area varied inversely with the strength 

levels. 

In the lMo and lMo-3Ni steels, the strength levels are initially 

high at low tempering temperatures and then continually decrease with 

higher tempering temperatures as shown in Figs. l3b and l4b. The 

hardness vs. tempering temperature (Fig. l8b and 19b) and percent 

elongation and reduction in a,rea (Fig. l8a and 19a) showed similar 

trends as 2Mo and 2Mo-3Ni steels. 



-14-

2. Fracture Properties. 

Fracture toughness is a measure of the resistance of the material 

to crack extension. Crack extension can be separated into three stages: 

1) subcritica1 crack extension, 2) the transition from slow tn-fast 

crack extension, and 3) rapid crack propagation. Clark and Irwin10 

have pointed out that the first and third stages may be viewed as 

"steady state" phenomena in the sense that crack speed responds 
; 

directly to the applied stress and crack length. By contrast, the 

second stage is abrupt and spontaneous when the critical condition 

(stress and crack length) is achieved. The transition from slow to 

fast crack extension ordinarily coincides with the observation of a 

maximum load carrying capacity of a specimen. Consequently, this 

transition corresponds to a critical c.ondition where a measure of 

fracture toughness is imp0rtant. 

The fracture mechanics approach allows loading and configuration 

effects to be described in terms of a single parameter, the stress 

intensity factor. The stress intensity factor may be interpreted 

as a parameter that reflects the redistribution of stress in a body 

resulting from the introduct"ion of a crack. Themagni tude of the 

stress intensity factor is dependent upon-the geometry of the specimen 

containing the crack,the size and location of the crack and the 

distribution and magnitude of the external loads on the specimen. This 
" -

- 11 12 . _ . 
parameter was first introduced by Irwin, ' who derived express10ns 

for stresses in the vicinity of a crack tip assuming an infinite 

plate of a homogeneous isotropic elastic material containing a central 

i 
I -, 
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crack of length 2a under Mode I loading for which KI = aoo I(~a) . 

Using the coordinates shown in Fig. 22, the stresses at a point Pare 

given 

where 

13 as: 

a 
x 

a 
y 

T 
xy 

= 

= 

= 

cos ~ [1 
2 

8 sin 
2 

cos ~ [1 + sin ~ 
2 2 

8 sin -
2 

8 
cos 2 cos 

K = stress intensity factor 

2a = crack length 

sin 38 ] 
2 

. ,38] 
S1n l 

38 
2 

a = normal stress component in the x~direction 
x 

a = normal str~s,s component in the y-direction y 

T = shear stress component on the plane perpendicular xy 

to the x-direction and acting in the y-direction 

r & e are polar coordinates of thepoiilt P 

In'genera1, the stress fields near crack tips can be divided 

14 15 into three basic types, ' each associated with a local mode of 

deformation of the crack surface, as shown in Fig. 23. The three 

modes are: 

Mode I opening mode arising from tension normal to the faces 

of the crack 
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Mode II - shear normal to the leading edge of the crack 

Mode III - shear parallel to the leading edge of the crack 

Fracture toughness values can be obtained in principle, for any 

configuration for which a stress intensity solution or compliance 

calibration is available. In 19S8 an ASTM committee was established 

to develop and describe test methods for fracture testing. The two 

specimens selected for ASTM standards were the Notched Bend Specimen 

and the Manjoine or Compact Tension Specimen. 

An important part of the test procedure is the interpretation 

of the load-displacement record. In the ideal case, type III of 

Fig. 9, there is no difficulty in interpreting the record and the 

load at crack instability is easily obtained. However, often records 

such as type I & II of Fig. 9 are obtained due to slow crack growth, 

plastic deformation or both of these factors. The limit of slow 

crack growth for valid KIC tests has been set as ~a/a = 0.02 (i.e. 

the maximum permissible plastic zone size). This increase in crack 

length corresponds to an increase in displacement of about five percen~. 

Thus, as shown in Fig. 9, the intercept Ps on the load-displacement 

curve is given by a line with five percent less slope than OA. 

The fracture toughness values for SMo steels are given in 

Tables III and IV and are plotted in Fig. lOa. Both alloys exhibited 

increases in fracture toughness with austenitizingtemperature with 

yield strengths slightly increasing for the 0.3% Calloy and about 

a 20% increase for the 0.41% C while the fracture toughness has doubled 
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in both cases. This effect has been also reported by Backofen and 

" Ebner16 and Wood. 17 Th 1 K 1 tt ib d h e ow IC va ues are a r ute to t e presence 

of large undissolved carbides (Figs. 25a, 26a, 37) which act as stress 

raisers (i.e., dislocation pi1e~up at interface) and nucleate microcracks 

at the matrix-carbide interface. 

The fracture toughness values of the alloys investigated as a func-

tion of tempering temperature are given in Tables V through XII and 

shown graphically in Figs. lla through 14a. The majority of the 

tempered fracture toughness values did not comply with either the 

thickness and/or the P /P
Q 

criteria. The apparent values (KQ) are max . 

indicative of relative fracture toughness in this investigation. It 

'should be noted that no embritt1ement phenomenon waS observed for 

any of these steels with tempering. 

Steigerwa1d18 has prepared a plot of plane-strain fracture 

toughness vs yield strength for several commercial steels, and this 

plot is shown in Fig. 24. This information was gathered from steels 

which had been given standard conunercia1 heat treatments of quenching 

'. 17 
and tempering. For high austenitizing temperature (2200°F), Wood, 

19 20 21 Goolsby, McMahon, and Clark have shown results comparable to 

18% Ni maraging steels. However, for the valid plane-strain fracture 

toughness values obtained in this investigation (i. e. O. 32C ZMo: 

as-quenched and ZOO°C temper; 0.35 C-2Mo-3Ni: ZOO°C temper; 0.34 C-1Mo 

as-quenched and 200°C temper; 0.35 C-lMo-3Ni: 200°C temper) were 

austenitized at l600°F and would also fall in the 18%Ni maraging band. 
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B. Microscopy 

1. Optical Metallography 

Optical metallography was, completed from sections taken from the 

fracture toughness specimens. Sections were examined longitudinal 

to the rolling direction or perpendicular to the crack path. Optical 

micrographs for the 5Mo steels are shown in Fig. 25 and 26. The 

undissolved carbides can clearly be seen in Figs. 25b and 26c, which 

are representative microstructures for l600°F and' ·1800°F as-quenched 

condition. X-ray diffraction of metallographically prepared sections 

showed the peaks corresponding to (FeMo)6C (omega carbide) which is 

22 in agreement with the Fe-C-Mo phase diagram as shown in Figs. 27 

and 28. 

Figures 29 and 30 show as~quenched microstructures which are 

representative of the 2Mo, 2Mo-3Ni, !Mo, and lMo-3Ni steels. The 

predOminate feature is the difference in grain size between the 2200°F 

and l600°F austenitizing temperatures; ASTM grain size 1 for 2200°F 

and ASTM grain size 6 for l600°F. The as-quenched structure was 

uniformly martensitic with no other resolvable transformation products 

present in the microstructure. X-ray diffraction of metallographically 

prepared samples from fracture toughness specimens did not show any 

detectable retained austenite present. 

The basic martensitic configuration was evident in all tempered 

specimens (Figs. 31 and 32). It was not possible' to detect individual 

carbide precipitates in any of these specimens due to the small size 

of the carbides which is well below the resolution of any optical microscope. 

\, • , , 
""'1 

''''j 
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2. Transmission Electron Microscopy 

Transmission electron microscopy was attempted on the as-quenched 

structures only. Since fracture toughness increased as a function of 

tempering temperature, it implied that the fracture toughness was not 

affected by the morphology and distribution of carbides formed -

during tempering. The as-'quenched substructure consisted of dislocated 

lath type martensite (Figs. 33 and 34) as described by Kelly and 

Nutting. 23 ,24 Another feature of the as-quenched structure was the 

occurrence of autotempering. The precipitate associated with auto-

tempering was identified as cementite. The dark field micrographs 

in Figs 33b and 35 were taken from a(002) cementite reflection and 

shows reversal of contrast for the precipitates lying within the 

martensite laths (i. e., Widmanstatten dispersion of Fe
3
C having 

{no} habits). This is in agreement with paper by Page, et al. 49 

Goo1sby19 and C1ark21 investigations on the Fe-C-Mo system. S . h 25 
pel.C 

has shown for Fe-C martensite quenched in ice brine (Fig. 36) that 

auto tempering is dependent on 1) the thickness of the specimen and 

2) the M temperature. 
s 

3. Carbon Replica 

Extraction replica electron microscopy established the morphology 

and dispersion of the carbides found in the as-quenched and tempered 

conditions as shown in Figs. 37 through 43. 

I 
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The 5Mo steels (Fig. 37) which were austenitized at l600°F and 

1800°F showed a random distribution of undissolved carbides which were 

identified as (FeMb)6C, . There appeared to be two distinct sizes of 

carbides; approximately 1-3 ~ and 0.1-0.2 ~. 

In the 2Mo and 2Mo 3Ni steels, as shown in Fig. 38 and 39, the 

lower carbon (0.25%C) alloys showed appreciable autotempering of 

Fe
3

C for both as-quenched conditions (Fig. 38). While the higher 

carbon alloys (0.35%C) showed a lesser degree of autotempering at 

2200°F. From the Fe-C-Mo phase diagram for 2Mo (Fig!;. 27 and 28 with a 

carbon content of 0.35%C, it was expected that there would be some 

undissolved carbides present in the l600°F as-quenched condition. 

Figure 39b shows the fine random distribution of carbides which are 

approximately 0.05 ~ in size. 

No undissolved carbides were present in eit~er the lMo or lMo 3Ni 

alloys. However, there is a distinct difference in the absence of 

autotempering between the lMo and 1Mb 3Ni steels as shown in Figs. 

40 and 41. This difference can be attributed to the change in M .. s 

temperatures (464°C for .34C-lMo and 390°C for .35C-lMo-3Ni) and the 

fact Ni also reduces the diffusiv~ty of carbon. 

The effect of tempering on these steels is shown in Figs. 42 and 

43. Since cementite has been identified as the carbide formed during 

autotempering, tempering results in the coalescence bf cementite in 

the laths and precipitation along lath boundaries. Goolsby,19 Clark21 

26-29 and other investigators have shown for the Fe-C-Mo system that 

. 
• -! 
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coherent Mo
2C is responsible for the secondary peak at 600°C. In the 

ZMo and 2Mo + 3Ni alloys, the tensile and hardness values showed a 

• 
slight increase in the SOO°C to 600°C tempering range which could be 

attributed to the presence of Mo 2C. An electron diffraction pattern 

of M0 2C was unattainable and attempts by Debye-Scherrer have also 

proven unsuccessful. For the lMo and lMo-3Ni steels, tensile 

and hardness values continually decrease in the SOO°C to 600°C range. 

It is therefore doubtful if any Mo
2
C carbide is present in these 

steels. However, to determine without ambiguity, transmission electron 

microscopy should be utilized to identify carbides and mechanical 

properties to further substantiate presence of Mo 2C. 

4. Fractography 

The fracture morphology of each fracture toughness specimen was 

documented by optical macrophotography and scanning electron micro-

fractography. In Fig. 44 is shown a representative macrofractograph, 

for alloys C through J, of fracture toughness specimens tested as a 

function of tempering temperature. It can be seen quite clearly that 

as the tempering temperature increases the percent area of shear 

increases. Another point that is evident from the optical fracto-

graphs is the difference in surface appearance caused by a difference 

in grain size between the 2200°F and l600°F as-quenched specimens. 

The fracture surface of each fracture toughness specimen was 

examined with a scanning electron microscope. The modes of fracture 
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that were noted in this study included: 1) cleavage,-2) micro-void 

coalescence (dimple rupture), and 3) quasi-cleavage. These 

-- 30 
classifications are the same used by Beachem and Pelloux and a full 

description of each fracture mode has been given in their paper. 

All scanning electron fractographs are shown in Figs. 45 through 

52. One fracto graph of this series, Fig. 45, showed the change in 

the mode of fracture in the 5Mo steels. Fracture was initiated by 

nucleation of voids around undissolved carbide particles with cleavage 

regions between dimples (Fig. 45b). This mode of fracture was evident 

in the 1600°F and l800°F for both SMo alloys and 2000°F for O.4l-C-

SMa alloy. Fracture features of quasi-cleavage were observed for the 

2200°F austenitizing temperature, Fig. 45a, for SMo alloys. 

The fractographs of Fig. 46 through 53 show the fracture 

morphology of alloys C through J for 2200°F and l600°F a's-quenched 

and as a function of tempering temperature following l600°F heat 

treatment. This series of fracto graphs show clearly in the as-quenched 

condition that a change in fracture mode from primarily quasi~cleavage 

for 2200°F autentitizing temperature to primarily dimpled rupture 

for l600°F austenitizingtemperature without any significant change 

in fracture toughness. The only exception was alIa)" F (0. 35-C-3Mo-3Ni) 

which showed approximately 20% drop in fracture to'ughness @ l600°F. 

The tempered fractographs showed a predominately dimpled rupture 

suggesting micro void formation about cementite. 31 At 600°C tempering 

some of the alloys showed a change in fracture mode (i.e. from dimpled 

rupture to quasi-cleavage with tear ridges). The fracture path was 

• i 
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primarily transgranular, however, regions of intergranular fracture 

can be seen (e.g. Fig. 5Ie) • 

C. Correlation of Toughness with Tensile Properties 

Prior to the development of fracture toughness testi~g, it was 

believed that toughness could be identified with elongation or reduction 

in area. With the advent of fracture mechanics and the establishment 

of Krc as a material property, efforts have been made to establish 

a quantitative relationship between plane-strain fracture toughness 

and uniaxial tensile properties such as yield and ultimate strength, 

fracture strain and strain hardening coefficient. This is desirable 

because of the size and cost of fracture toughness .specimens coupled 

with the testing procedure involved in conducting a fracture test. 

32 Hahn and Rosenfield' developed a ductile fracture model which 

correlates quantitatively the fracture toughness, K rc ' and the tensile 

properties. The relationship which they proposed is: 

where 
Krc = plane-strain fracture toughness 

E = Young's modulus 

£f = true fracture strain 

n = strain hardening coefficient 

(J = yield strength y 
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The authors found that almost all the Kr~ data fell within a ±30% 

band of the calculated Krc value. Figure 54 is a plot of Krc vs 

[2/3 E E
f 

n2 cr
y

]1/2 indicating the Krc (measured) = Krc (calculated) 

line plus the lines for +30% and -30% deviation. Data are included 

from work on 0.3-C-5Mo by Goolsby19 and valid plane-strain fracture 

toughness values obtained in this investigation. It is evident 

that most data points fall outside the 30% deviation. Vishnevsky 

33 . 
and Steigerwald have tried to explain this discrepancy between 

measured and calculated Krc values based on the fracture modes which 

might be operating (i.e. Krc values would be less than predicted 

values if fracture mode involved quasi-cleavage or cleavage). This 

type of discrepancy was not observed in this study; rather no 

appreciable difference in fracture toughness was observed with change 

in fracture modes. 

Referring back to tensile data, in particular % elongation and 

reduction in area are not good measures of fracture toughness. Jones 

and Brown34 and Brown and Srawley35 made similar observations and it 

was concluded that Krc is not si,mply related to tensile ductility. 

Thus, fracture toughness, a material property, is in no apparent way 

related to the uniaxial tensile properties. 

D. Effect of M1crostructure on Fracture Toughness 

With the development of the theory and application of fracture 

mechanics there has arisen an increasing interest in the connection 

between plane-strain fracture toughness, Krc ' and microstructure. 

'.1 
.'j 
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A number of authors have investigated the relationship between 

tempering temperature and yield stress, ultimate stress and Krc for 

low alloy steels. Several metallurgical factors have been shown to 

be detrimental to toughness: 

1. preferential precipitation at prior austenite grain boundaries 

. 36-38 or martensite lath boundaries which provide for easy crack propagat10n, 

2. level of impurity elements, in particular sulfur and 

39 40 phosphorous ' 

3. changes in ppt. within martensite laths4l ,42 

4. presence of second phase particles or inclusions 3l and 

5. combined effect of change of precipitation within laths 

43 44 with the presence of an impurity element ' 

6. the presence of internal twinning within martensite plates. 2l ,45,46 

Recent work by Goolsby on the 0.3C 5Mo steel attributed the 

observed embrittlement to the preferential carbide precipitation at 

martensite lath boundaries. The most important aspect of his work 

was that the as-quenched specimen exhibited high strength coupled 

with high toughness. 

The Krc data (Fig. 10) of the 5Mo steels as a function of 

, austenitizing temperature, revealed a two fold increase in fracture 

toughness when austenitized at 2200°F vs 16000 and l800°F. Three 

variables were identified which could be responsible for the large 

increase in fracture toughness. These were]) prior austenite grain 

size 2)presence or absenc;e of undissolved carbides 3) the M tempera-
s' " 

ture which influences the autotempering. The low toughness at lower 
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austenitizing temperatures exhibited a small prior austenite grain 

size (ASTM grain size 6) with a random distribution of undissolved 

carbides (~ 1-3 lJ in size). While the high toughness at 2200°F 

exhibited large prior austenite grain-size ;(ASTM grain size l)absence 

of undissolved carbides, (FeMo)6C, and autotempering of Fe
3
C within 

the martensite laths. It should be noted that Y.S. was relatively 

insensitive to heat treatment, therefore direct comparison of KIC 

values could be made. 

The compositions of the subsequent alloys used in this investiga

tion were based on the Fe-Mo-C ternary phase diagrams 22 available 

for various amounts of Mo, as shown in Figs. 27 and 28. Also the 

addition of Ni to these alloys were also studied since Ni is known 

primarily for its affect on toughness in steels. 

Figure 55 is a plot of the KIC vs Mo content for the 2200°F 

as-quenched condition. By austenitizing at 2200°F, it assured the 

absence of undissolved carbides, the same prior auStenite grain size, 

and Ms temperature were approximately constant. Thus ~C is not 

dependent on Mo content and in the absence of carbides the K
IC 

values 

are high. Figure 56 shows the effect of prior austenite grain size 

on fracture toughness on a~loy I (0.34-C-lMo). 

is independent of prior austenite grain size. 

Fracture toughness 

Though the M tempera
s 

ture was measured only at 2200°F, it is expected that the M temperature 
s 

at l600°F would be slightly less due to grain size effect as shown by 

50 Ansell and Breinan. Finally, the effect 'of M temperature on 
s 

fracture toughness is seen by the addition of 3%Ni to the lMo steel, 

" , 

.... ~." 



-27-

as' shown in Fig. 56, which lowers the M temperature by 74°C to 390°C. 
s 

The O.3SC-1Mo-3Ni steel (M = 390°.C) exhibited a significant drop in 
s 

Krc value as compared to O.34C-lMo steel OMs = 464°C) for a constant 

prior austenite grain size. 

The effect of undissolved carbide size on Krc i~ evident when 

the data for O.3C-SMo and O.32C-2Mo at 1600°F is examined. Carbon 

replica (Figs. 37 and 39) have confirmed their presence and the SMo 

steel was undissolved carbides on the order of a magnitude greater 

than the 2Mo steel. For 5Mo steel, Krc/ay = .271; while for the 2Mo 

steel, Krc/ay = .417. The 2Mo steel is clearly the tougher steel in 

addition to having the higher yield strength (229 ksi vs 192 ksi). It 

can therefore be concluded that there exists a critical size for 

undissolved carbides which is detrimental to fracture toughness. The 

addition of 3 wt.% Ni to O.32C, 2Mo alloy also lowered the M tempera
s 

ture from 48SoC to 401°C. For the 2200°F as-quenched condition, 

a drop in fracture toughness is noted in the absence of undissolved 

carbides, showing a similar effect as O.34C-1Mo and O.35C-lMo + 3Ni 

steels. 

The combination of higher fracture toughness and high strength 

can be achieved in low a1loymartensitic steels and can be attributed 

to several factors: 

1) The martensite was a dislocated lath type rather than an 

internally twinned plate type 

2) The M temperature must be high enough (i.e., > 400°C) so 
s 

that sufficient autotempering of Fe3C in the martensite laths could 

occur 
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3) The absence or the presence of small (i.e. less than the 

critical size) undissolved carbides 
{~ 

4) Large prior austenite grain size need not be necessary for 

high toughness 

5) The steel had a low impurity level 

6) Melting in an inert atmosphere as opposed to air-melting. 

, 
d , 
! 
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IV. CONCLUSIONS 

In this study of quenched and tempered Fe-C-Mo and Fe-C-Mo-Ni 

steels the following conclusions have been made: 

1. The as-quenched structure of fracture toughness specimens 

consisted of cementite within dislocated lath of auto tempered martensite 

2. No embrittlement phenomenon (i.e. tempered martensite or 

temper embrittlement) was observed for any of the alloys. 

3. High fracture toughness values were attainable at l600°F as 

well as 2200°F austenitizing temperature 

4. Fracture toughness was independent of prior austenite grain 

size 

5. High fracture toughness could be obtained with or without 

undissolved carbides. 

6. M temperature> 400°C was needed for high fracture toughness 
s 

and high strength 

7. The addition of 3%Ni lowered the as-quenched fracture toughness 

values. 

8. A simple relationship between ductility and fracture toughness 

does not exist. 

9. Hahn and Rosenfield's model showed a poor correlation to 

measured values. 
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APPENDIX I. 

, 1/2 
Computer ,output of variation of Y parameter (= KBW/P) with 

',' 

(a/w) values for a WOL specimen for the K calibration: 

Y = 
KBw1/ 2 

= 
P 

[29.6 <;)1/2 - 185.5 (~)3/2 + 655.7 (~)5/2 _ 1017.0 (~)7/2 + 638.9 (~)9/2] 
w w w w 

(a) Y (~) Y 
w w 

.45000 8.33764 .47500 8.93225 

.45100 8.36015 .47600 8.95751 

'.45200 8.38277 .47700 8.98289 

.45300' 8.40548 .47800 9.00840 

.45400 8.42830 .47900 9.03403 

.45500 8.45122 .48000 9.05979 

.45600 8.47424 .48100 9.08568 

.45700 8.49736 .48200 9.11170 

.45800 8.52059 .48300 9.13784 

.45900 8.45392 .48400 0.16412 

.46000 8.56735 .48500 9.19053 

.46100 8.59090 .48600 9.21707 

.46200 8.61455 .48700 9.24374 

.46300 8.63831 .48800 9.27056 

.46400 8.66218 .48900 9.29751 

.46500 8.68616 .49000 9.32460 

.46600 8.71025 .49100 9.35182 

. . ' ... .46700 8.73445 .49200 9.37919 

.46800 8.75877 .49300 9.49671 

.46900 8.78320 .49400 9.43436 

.47000 8.80775 .49500 9.46216 

.47100 8.83241 .49600 9.49011 

.47200 8.85719 .49700 9.51821 

.47300 8.88209 .49800 9.54645 

.47400 8.90711 .49900 9.67485 
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(~) y (~) y 
w w 

.50000 9.60339 .53400 10.67580 
I 

, , 

.50100 9.63210 .53500 10.71070 

.50200 9.68997 .53600 10.74581 ~: 

.50300 9.71914 .53700 10.78113 ... 1 

.50500 9.74847 .53800 10.81667 

.50600 9.77796 .53900 10.85243 

.50700 9.80762 .54000 10.88842 

.50800 9.83743 .54100 10.92462 

.50900 9.86742 .54200 10.96106 

.51000 9.89757 .54300 10.99772 

.51100 9.92789 .54400 11.03461 

.51200 9.95838 .54500 11.07173 

.51300 9.98905 .54600 11.10909 

.51400 10.01989 .54700 11.14669 

.51500 10.05090 .54800 11.18452 

.51600 10.08209 .54900 11. 22260 

.51700 10.11346 .55000 11.26092 

.51800 10.14501 .55100 11. 29948 

.51900 10.17674 .55200 11.33829 

.52000 10.20866 .55300 11. 37736 

.52100 10.24076 .55400 11.41667 

.52200 10.27305 .55500 11.45624 

.52300 10.30553 .55600 11.49607 

.52400 10.33819 .55700 11.53615 

.52500 10 .. 37106 .55800 11. 57650 

.52600 10.40411 .55900 11.61711 

.52700 10.43737 .56000 11.65799 

.52800 10.47082 .56100 11.69914 

.52900 10.50477 .56200 11.74055 

.53000 10.53833 .56300 11.78224 

.53100 10.57238 .56400 11.82421 

.53200 10.60665 .56500 11.86646 

.53300 10.64112 .56600 11.90898 
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(~) y (~) y 
w w 

.56700 11. 95180 .59900 13.48738 

.56800 11.99489 .60000 13.54107 

.56900 12.03828 .60100 13.59513 

.57000 12.08195 .60200 13.64959 

.57100 12.12592 .60300 13.70442 

.57200 12.17019 .60400 13.75965 

.57300 12.21476 .60500 13.81527 

.57400 12.25962 .60700 13.92769 

.57500 12.30480 .60800 13.98451 

.57600 12.35027 .60900 14.04173 

.57700 12.39606 .61000 14.09935 

.57800 12.44216 .61100 14.15739 

.57900 12.48858 .61200 14.21584 

.58000 12.53531 .61300 14.27472 

.58100 12.58236 .61400 14.33401 

.58200 12.62974 .61500 14.39373 

.58300 12.67744 .61600 14.45388 

.58400 12.72547 .61700 14.51445 

.58500 12.77384 .61800 14.57047 

.58600 12.82254 .61900 14.63692 

.58700 12.87157 .62000 14.69882 

.58800 12.92095 .62100 14.76116 

.58900 12.97067 .62200 14.82395 

.59000 13.02073 .62300 14.88719 

.59100 13.07114 .62400 14.95089 
•. .59200 13.12191 .62500 15.91505 

.59300 13.17303 .62600 15.07967 
. ~ . .59400 13.22451 .62700 15.14476 

.59500 13.27635 .62800 15.21032 

.59600 13.32855 .62900 15.27636 

.59700 13.38112 .63000 15.34287 

.59800 13.43406 .63100 15.4098~ 
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! , 

<;) y (~) y 
w 

.63200 15.47735 .66500 18.00213 , 
• I 

i 
.63300 15.54532 .66600 18.08847 'I 

i 

.63400 15.61378 .66700 18.17545 

.63500 15.68274 .66800 18.26305 • i 

.63600 15.65220 .66900 18.35130 

.63700 15.82216 .67000 18.44018 

.63800 15.89264 .67100 18.52972 

.63900 15.96362 .67200 18.61990 

.64000 16.03512 .67300 18.71074 

.64100 16.10715 .67400 18.80224 

.64200 16.17969 .67500 18.89440 

.64300 16.25276 .67600 18.98724 

.64400 16.32637 .67700 19.08075 

.64500 16.40051 .67800 19.17493 

.64600 16.47519 .67900 19.26980 

.64700 16.55041 .68000 19.36536 

.64800 16.62618 .68100 19.46161 

.64900 16.70251 .68200 19.'55856 

.65000 16.77939 .68300 19.65621 

.65100 16.85683 .68400 19.75456 

.65200 16.93483 .6'8500 19.85363 

.65300 17.01340 .68600 19.95342 

.65400 17.09255 .68700 20.05393 

.65500 17.17227 .68800 20.15516 

.65600 17.25257 .68900 20.25731 

.65700 17.33346 .69000 20.35983 

.65800 17.41493 .69100 20.46327 
•• 'w-

.65900 17.49700 .69200 20.56746 

.66000 17.57967 .69300 20.67249 

.66100 17.66294 .69400 20.77810 

.66200 17.74681 .69500 20.88456 

.66300 17.83130 .69600 20.99178 

.66400 17.91640 .69700 21.09978 
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<;) y (~) y 
w 

.69800 21.20855 .72900 24.99454 

.69900 21.31810 .73000 25.13099 

'. :070000 21.42844 .73100 25.26840 

.70100 21.53958 .73200 25.40677 

.70200 21. 65151 .73300 25.54611 

.70300 21. 76424 .73400 25.68643 

.70400 21.87778 .73500 25.82773 

.70500 21.99213 .73600 25.97001 

.70600 21.10730 .73700 26.11329 

.70700 22.10730 .73800 26.25756 

.70700 22.22330 .73900 26.40285 

.70800 22.34012 .74000 26.54914 

.70900 22.45778 .74100 26.69645 

.71000 22.57628 \ .74200 26.84478 

.71100 22.69562 .74300 26.99414 

.71200 22.81581 .74400 27.14454 

.71300 22.93686 .74500 27.29598 

.71400 23.05877 .74600 27.44847 

.71500 23.18155 .74700 27.60202 

.71600 23.30520 .74800 27.75662 

.71700 23.42972 .74900 27.91229 

.71800 23.55513 .75000 28.06903 

.71900 23.68143 .75100 28.22686 

.72000 23.80862 

.72100 23.93671 

.72200 24.06571 

.72300 24.19562 
. . .72400 24.32645 

.72500 24.45820 

.72600 24.59088 

.72700 24.72449 

.72800 24.85904 
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Table I. Chemical Analysis 

Alloy 
identification Ingot C Mo Ni Mn S P As Sn Sb Si 

letter No. 

A ·713-7 0.30 5.03 0.60 0.005 0.008 <0;005 <0.002 <0.002 <0.02 

B 719-11 0.41 4.93 0.51 0.005 0.007 <0.005 <0.002 <0.002 <0.02 

C 7210-3 0.23 1.93 0.64 0.005 0.007 <0.005 <0.002 <0.002 <0.02 

D 7210-5 0.32 1.96 ·0.65 0.005 0.007 <0.005 <0.002 <0.002 <0.02 

E 7210-7 0.26 1.96 3.0 0.66 0.005 0.008 <0.005 <0.002 <0.002 <0.02 
c 

F 7210-10 0.35 1.90 3.1 0.67 0.005 0.007 <0.005 <0.002 <0.002 <0.02 
I 

<0.005 <0.002 <0.002 <0.02 
~ 

G 732-1 0.24 0.95 0.60 0.005 0.007 0 
I 

H 732-4 0.34 0.95 0.63 0.005 0.008 <0.005 <0.002 <0.002 <0.02 

I 732-5 0.26 0.93 3.0 0.62 0.005 0.008 <0.005 <0.002 <0.002 <0.02 

J 732-7 0.35 0.95 3.1 0.61 0.005 0.007 <0.005 <0.002 <0.'002 <0.02 

--.--~- ~ --- - ---- -_. _. - -"-" -- - -.- -•. -->. _ .. - _ .. _--------_. -- .. _- .. ----_._._.-.- ._._-- ._._. __ . __ .. _--".- - -_._-- -_.---_.--
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Table II. M Temperatures s 
,. 

Alloy M °c s 

A 0.3C 5Mo 474 

B 0.4lC 5Mo 345 

C 0.23(: 2Mo 533 

D O.32C 2Mo 485 

E 0.26C 2Mo3Ni 474 

F 0.35C 2Mo3Ni 401 

G 0.24C lMo 520 

H 0.26C lMo3Ni 464 

I 0.26C lMo3Ni 435 

J 0.35C 1Mo3Ni 390 

0.20 in. thick specimens austenitized at 2200°F for 7 minutes. 

-.. .. 



Table III. 

Tensile Properties 
Austenitizing 

Temperature 0.2% Ultimate True 
(OF) Yield . Tensile Elongation Reduction Fracture 

Strength Strength % of area Strain 
ksi, ay ksi, au % £f 

2250 205 246 6.9 19.7 0.219 

2200 214 261 8.3 26.0 0.301 

2000 204 260 10.8 32.2 0.392 

1900 203 251 12.5 48.0 0.653 

1800 197 244 13.4 47.0 0.637 

1600 192 228 ,13.2 47.3 0.644 , 

* . 
KQ 

Strain 
Hardening 
Exponent 

n 

0.0481 

0.0560 

0.0690 

0.0736 

0.0760 

0.0789 
- - - -

Fracture Properties 

Plane Strain Critical 
Fracture Stress 
Toughneis 

ksi-(in)l 2 
Intensity 

ksi-(in) 112 
KIC 

* 113 136 

100 122 

* 112 . 144 

60 71 , 

49 49 

52 52 
--

K
IC 

Calc. 

63.5 

38.0 

38.2 

39.4 

I 
~ 
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Austenitizing 
Temperature 

(OF) 

2200 

2000 

1800 

1600 

,. 

0.2% 
Yield 

Strength 
kSi, Oy 

255 

254 

226 

206 

Ultimate 
Tensile 

Strength 
ks!, Ou 

328 

336 

288 

260 

Table IV. 

Tensile Properties 

True 
Elongation Reduction Fracture 

% of area Strain 
% E

f 

4.24 5.3 0.052 

3.62 -10.2 0.104 

9.4 34.0 0.630 

10 .. 5 37.0 0.464 

,-

Fracture Properties 

Strain Plane Strain Critical 
Hardening Fracture Stress 
Exponent Toughneis Intensity 

n ksi-(in)l 2 ksi-(in)112 
Krc K 

Crit 

0.0415 70 95 

0.0356 46 52 

0.0346 32 33 

0.0393 - 35 40 

Krc 
Calc. 

67 

26 

61.5 

54.5 
I 
~ 
w 
J) 

i~""-' .... ..-. 
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Table V. 

Tensile Properties 
Austenitizing 

Temperature 0.2% Ultimate True 
(OF) Yield Tensile Elongation Reduction Fracture 

Strength Strength % of area Strain 
kSi, ay ksi, au % E

f 

2200 182 231 12.7 46.0 0.620 

1600 183 239 20.1 54.3 0.786 

Tempering 
Temperature 
(OC) after 
1600°F Heat 
Treatment 

200 197 232 14.2 58.5 0.880 

300 187 208 13.0 62.0 0.965 

·400·· 204 219 18.4 61.7 0.955 

500 175 188 15.7 62.0 0.955 

600 183 186 11.9 59.0 0.890 

-~ \~ 

Strain 
Hardening 
Exponent 

n 

0.0443 

0.0467 

0.0343 

0.0262 

0.0373 

0.0415 

0.0326 

Fracture Properties 

Fracture Critical 
Toughness Stress 
ksi-(in)l/2 Intensity 

KQ ksi-(in)1/2 
K Crit 

95.3 127 

97 127 

97.8 130.5 

90.8 135.5 

114.5 128 

133 133 

91 91 

_____ i. _ 
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Austenitizing 
Temperature 

(Of) 

2200 

1600 

Tempering 
Temperature 
(OC) After 
1600°F Heat 
Treatment 

200 

300 

400 

500 

600 

0.2% 
Yield 

Strength 
kst, ay 

193 .' 

220 

202 

188 

186 

181 

188 

* KIC 

Ultimate 
Tensile 

Strength 
lesi, au 

248 

277 

242 

214 

202 

191 

188 

Table VI. 

--

Tensile Properties 

True 
Elo11 :~,1 tion Reduccion Fracture 

"{ oI .s.rea Strain 
i C

f 

12.5 38.6 0.49 

14.6 50.0 0.69 

18.5 53.8 0.77 

15.4 63.5 1.01 

10.6 65.0 1.05 

17.3 59.0 0.89 

16.7 57.0 0.84 

Fracture Properties 

Strain Fracture Critical 
Hardening Toughness Stress 
Exponent ksi-(in)1/2 Intensity 

n KQ k8i- (in) 1/2 

KC . 
------- - - --- - - ---" -- r~t 

0.0456 106.5 160.5 

* 0.0394 97.4 121 

0.0376 115 148.5 

0.0320 112 137.5 

0.0210 120 152 

0.0422 129 184.5 

0.0409 137.5 157.5 

i 

I I 
.j::-
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Austenitizing 
Temperature 

(°F) 

2200 

1600 

Tempering 
Temperature 
(OC) After 
1600°F Heat 
Treatment 

200 

300 

400 

500 

600 

* KIC 

0.2% Ultimate 
Yield Tensile 

Strength Strength 
ksi; Oy ksi, au 

220 303 

229 - 293 

. 

229 266 

207 231 

185 200 

188 199 

190 195 

Table VII. 

-

Tensile Properties 

True 
Elongation Reduction Fracture 

at of area Strain /0 

% E
f 

5.7 10.4 0.096 

10.8 34.7 0.426 

11.9 41.1 0.527 

14.5 64.0 0.915 

14.0 60.0 0.915 

15.7 60.5 0.935 

16.4 59.5 0.905 

Strain 
Hardening 
Exponent 

n 

0.0465 

0.0410 

0.0396 

0.0310 

0.0279 

0.0423 

0.0483 

Fracture Properties 

Fracture Critical K
IC Toughness Stress 

ksi-(in)1/2 Intensity Calc. 
KQ ksi-(in)l/2 

K Crit 

* 96 118 30.2 

* 95.5 121.5 63.5 

* -84.0 88.5 68 

* 89.0 97 60.5 

97.3 109.5 

112.0 142 

137.5 156.5 

~-.-~ --- ".-- ------------ --_. 
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Austenitizing 
Temperature 

(OF) 

2200 

1600 

Tempering 
Temperature 
(OC) After 
1600°F Heat 
Treatment 

200 

300 

400 

500 

600 

* KIC 

0.2% 
Yield 

Strength 
ksi, cry 

242 

226 

205 

205 .. 

194 

195 

Table VIII. 

Tensile Properties 

Ultimate True Strain 
Tensile Elongation Reduction Fracture Hardening 

Strength % of area Strain Exponent 
ksi, cru % E:

f 
n 

324 9.2 24.0 0.274 0.0456 

256 12.0 44.7 0.595 0.0342. 

236 13.3 58.8 0.868 0.0338 

222 13.4 57.5 0.855 0.0279 

204 15.8 59.0 0.89 0.0354 

198 15.4 53.4 0.76 0.0437 
--'---- --- - ~----- --

Fracture Properties 

Fracture Critical 
K

IC Toughnes, Stress 
ksi-(in)l 2 Intensity. Calc. 

KQ ksi-(in)1/2 
K Crit 

72.5 75 

* 49.5 49.5 52.5 

* 84 92.7 56 

* 93 94 63.5 

* 102 102 52 

113 141.5 

112 140 
- -----~- ------ _L- ____ 
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Table IX. 
, 

Tensile Properties 
Austenitizing 

Temperature 0.2% Ultimate True 
(OF) Yield Tensile Elongation Reduction Fracture 

Strength Strength % of area Strain 
ksi, ay ksi, au % e: f 

2200 172 224 11.6 32.2 0.385 

1600 179 236 13.9 53.8 0.77 

Tempering 
Temperature 
(OC) After . 
1600°F Heat 
Treatment 

200 186 226 13.9 57.5 0.855 

300 186 210 13.4 57.0 0.84 

400 173 192 16.2 62.0 0.965 

500 153 170 18.8 59.5 0.905 

600 149 162 18.7 60.6 0.935 

-------_. _._-------------- . --~- ---

Strain 
Hardening 
Exponent 

n 

0.0456 

0.0403 

0.0341 

0.0274 

0.0336 

0.047 

0.0511 

Fracture Properties 

Fracture Critical 
Toughness Stress 

ksi-(in)1/2 Intensity' 
KQ ksi-(in)1!2: 

K 
Crit 

108 131 

115 149 

124 172 

. 117.5 ·162.5 

134 154 

139.5 194 

141.5 157 

I 
~ 
(Xl 
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Table X. 

Tensile Properties 
Aus teni tizing 
Temperature 0.2% Ultimate True 

(oF) Yield Tensile Elongation Reduction Fracture 
Strength Strength % of area Strain 
ksi, ay ksi, au "., 

E: f /0 

2200 

1600 202 264 13.1 47.5 0.643 

Tempering 
Temperature 
(Oe) After 
l600°F Heat 
Treatment 

200 192 238 14.9 59.0 0.89 

300 178 207 14.7 64.5 1.04 

400 164 184 14.7 63.5 1.01 

500 156 175 19.3 62.5 0.98 

600 155 169 19.7 64.5 1.04 

Fracture Properties 

Strain Fracture Critical· 
Hardening Toughne~, Stress 
Exponent ksi-(in) 2 Intensity 

n KQ ksi-(in)1/2 
K Crit 

114 151 

0.042 111 130 

0.038 124 178 

0.0252 122.5 161 

0.0365 131 167 

0.050 138 218 

0.0671 141 253 

I 
I 
I 

I 
~ 
1.0 
I 
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Austenitizing 
Temperature 

(OF) 

-

2200 

1600 

Tempering 
Temperature 
(OC) After 
l600°F Heat 
Treatment 

200 

300 

400 

500 

600 

* K
IC 

0.2% Ultimate 
Yield Tensile 

Strength Strength 
ksi, cry ksi, cru 

. 

219 286 

221 256 

204 229 

182 202 

169 185 

157 173 

-
Table XI. 

Tensile Properties 

True 
Elongation Reduction Fracture 

% of area Strain 
% t. f 

10.8 39.2 0.498 

13.5 55.0 0.797 

13.9 60.0 0:915 
.. 

12.9 58.5 0.88 

15.3 56.5 0.834 

20.4 60.0 0.915 

Strain 
Hardening 
Exponent 

n 

0.0392 

0.0386 

0.0301 

0.0285 

0.0434 

0.0591 

Fracture Properties 

Fracture Critical K
IC Toughnes, Stress 

ksi-(in)l 2 Intensity Calc. 
KQ ksi-(in)1/2 

KCrit -

100 117 

* 97.6 101 58 

* 106 125 72.5 

110 117 

120 133 

132 183 

134.5 208 

.. _' . ~-- , 
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Aus ten! tizing 
Temperature 

(OF) 

2200. 

1600 

Tempering 
Temperature 
(OC) After 
1600°F Heat 
Treatment 

200 

300 

400 

500 

600 

* K
1C 

0.2% 
; Yield 
Strength 
kSi, ay 

229 

225 

199 .. 

184 

172 

169 

Table XII. 

Tensi1eProperties 

Ultimate True 
Tensile Elongation Reduction Fracture 

Strength % of area Strain 
ksi, au % £f 

230 3.6 23.2 0.049 

275 14.4 55.4 0.806 

221 14.6 58~5 0.88 

204 13.6 56.0 0.82 

192 19.2 57.0 0.84 

182 22.4 59.6 0.945 

Fracture Properties 

Strain Fracture Critical K
IC Hardening Toughness Stress 

Exponent ksi-(in)1/2 Intensity Calc. 
n KQ ksi-(in)1i'2 

K Crit 
, . 

78 98.5 

0.0344 65.3 * 67.5 57.5 

* 0.0322 101.5 116 61.5 

* 0.0347 108.5 108.5 65 
,". 

0.0268 123 123 

0.055 133 173 

0.0695 155 177 
, 
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FIGURE CAPTIONS 

Fig. 1. Vertical tube furnace. 

Fig. 2. Round tensile speci,men. 

Fig. 3. Schematic of the orientation in which tensile specimen blanks 

were cut from the bar. 

Fig. 4. Identification code for Rolled Plates 

Fig. 5. Standard Compact Tension Specimen. 

Fig. 6. (KBWI / 2/p) vs (a/W) plot for the standard fracture toughness 

specimen. 

Fig. 7. Double cantilever beam gauge and method of mounting on large 

single edge notched specimen for displacement measurement. 

Fig. 8. EVB/P vs a/W calibration for the standard fracture toughness 

specimen. 

Fig. 9. Schematic of three general types of load vs crack opening 

displacement curves obtained from fracture toughness tests. 

Fig. 10. Longitudinal room temperature plane strain fracture toughness 

and strength properties as' a function of austenitizing temperature 

for SMo alloys. 

Fig. 11. Longitudinal room temperature plane strain fracture toughness 

and strength properties as a function of tempering temperature 

for alloys. 

Fig. 12. Longitudinal room temperature plane strain fracture toughness 

and strength properties for alloys 

Fig. 13. Longitudinal room temperature plane strain fracture toughness 

and strength properties for alloys. 

, .. , 

, 
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Fig. 14. Longitudinal room temperature plane strain fracture toughness 

and strength properties for alloys. 

Fig. 15. Longitudinal room temperature tensile properties and R 
c 

hardness as a function of austenitizing temperature for SMo 

alloys. 

Fig. 16. Longitudinal room temperature tensile properties and R 
c 

hardness as a function of tempering temperature for alloys. 

Fig. 17. Longitudinal room temperature tensile properties and R· . c 

hardness as a function of tempering temperature for alloys. 

Fig. 18. Longitudinal room temperature tensile properties and R 
c 

hardness as a function of austenitizing temperature for alloys. 

Fig. 19. Longitudinal room temperature tensile properties and R 
c 

hardness as a.function of austenitizing temperature for alloys. 

Fig. 20. Longitudinal room temperature fracture toughness and yield 

strength as a function of tempering temperature for alloys. 

Fig·. 21. Longitudinal room temperature fracture toughness and yield 

strength as a function of tempering temperature for alloys. 

Fig. 22. Infinite plate containing a crack of length 2a subjected to 

stresses. 

Fig. 23. Three basic modes of crack surface displacements. 

Fig. 24. Steigerwald's compilation of plane strain fracture toughness 

18 
vs yield strength data for various steels. 

Fig. 25. As-quenched microstructure of alloy A (0.3CSMo) a) 2200°F, 

b) 1600°F, both as-quenched condition. 

Fig. 26. As-quenched microstructure of alloy B a) 2200°F, b) 2000°F 

c) 1600°F, all as-quenched condition. 
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Fig. 27. 22 Fe-C-Mo ternary phase diagrams for 2%Mo 

Fig. 28. Fe-C-Mo ternary phase diagram for 4%Mo 22 

Fig. 29. Typical as-quenched microstructure for 2Mo and 2Mo3Ni alloys; 

(a) & (b) 2Mo alloy; 2200°F and 1600°F, respectively, (c) & (d) 

2Mo3Ni alloy; 2200°F and 1600°F, respectively. 

Fig. 30. Typical as-quenched microstructure for fMo and lMo3Ni alloys 

(a) & (b) lMo alloy; 2200°F & 1600°F, respectively 

(c) & (d) lMo3Ni alloy; 2200°F lie 1600°F, respectively 

Fig. 31. Typical tempered microstructure for 1% & 3% Mo alloys 

one hour at 1600°F. 

Fig. 32. Typical tempered microstructure for Mo3Ni'alloys a) 200°C 

Fig. 33. Structure of as-quenched specimen, showing in bright field 

(a) autotempered, dislocated martensite laths. (B) Dark field 

reversal of contrast shows cementite precipit"ation. 

Fig. 34. Typical martensite laths in as-quenched specimens." 

Fig. 35. Dark field reversal of'contrast of cementite precipitation. 

Fig. 36. Effect of M temperature and specimen thickness on effective 
s 

25 (Dt) of brine quench 

Fig. 37. Carbon replica of 5Mo alloys showing presence of undissolved 

carbides, (FeMo) 6C, (a) 1800°F, (b) 1600°F. 

Fig. 38. Carbon replica of as-quenched 2Mo alloys showing presence of 

autotempering in both (a) 2200°F & (b) 1600°F. 

• '. I 
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Fig. 39. Carbon replica of as-quenched ZMo3Ni alloys showing presence 

of auto tempering (a) 2200°F and presence of undissolved carbides 

Fig. 40. Carbon replica of as-quenched o. 24c lMo, (a) .2200°F & 

(b) 1600°F and O.26C lMo 3Ni, (c) 2200°F & (d) l600°F alloys 

showing autotempering of cementite.' Note less auto~empering 

for O.26C lMo3Ni alloy. 

Fig. 4m. Carbon replica of as-quenched O.34C-lMo (a) 2200°F & 

(b) 1600°F and O.35C ~~o3Ni (c) 220QoF & (d) 16000F alloys 

showing autotempering of cementite. Note less auto tempering 

for O • .35C lMo3Ni alloy. 
l . 

Fig. 42. Carbon replica of tempered 1% o:r 2%Mo alloys austenitized 

Note with increasing tempering temperature, coalescence of . 

existing cementite and precipitation· of cementite along lath 

boundaries. 

Fig. 43. Carbon replica of tempered 1% or 2%Mo 3Ni alloys austenitized 

with increasing tempering temperature, the ,coalescence of existing 

cementite and precipitation of cementite along lath boundaries. 

Fig. 44. Typical fracture surfaces, for Mo-Mo3Ni alloys (all tempered 

specimens austenitized at 1600°F). Shown from left to right, 

top row: (2200°F as-quenched,1600oF as-quenched, 200°C tempered) 

specimens, bottom row: (300°C, 400°C, 500°C, 600°C tempered 

specimens). 
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Fig. 45. Fractographs of sMo alloys, (a) 2200°F showing quasi-cleavage 

and (b) l600 0 F showing microvoid coalescence and undissolved 

carbides. 

Fig. 46. Fractographs of O.23C-2Mo alloy, a) 2200°F as-quenched 

b) l600°F as-quenched c) 200°C d) 300°C e) 400°C f) 500°C 

g) 600°C all tempered specimens austenitized at l600°F. 

Fig. 47. Fractographs of O.32C-2Mo alloy, a) 2200 0 F as-quenched 

b) l600°F as-quenched c) 200°C d) 300°C e) 400°C f) 500°C 

g) 600°C all tempered specimens austenitizedat l600°F. 

Fig. 48. Fractographs of O.26C-2Mo3Ni alloy, a) 2QOO°F as-quenched 

b) l600°F as-quenched c) 200°C d) 300°C e)· 400°C f) 500°C 

g) 60QoC all tempered specimens austenitized at l600°F 

Fig. 49. Fractographs of O.3sC-2Mo3Ni alloy, a) 220Q oF as-quenched 

b) l6QO°F as-quenched c) 200°C d) 300°C e) 4QOoC f) 500°C 

g) 600°C all tempered specimens austenitized at l6QO°F. 

Fig. SQ. Fractographs of O.24C-lMo alloy, a) 2200°F as-quenched 

b) l600°F as-quenched c) 20QoC d) 3QO°C e)400·C f) SQO°C 

g) 6QQoC all tempered specimens austenitized at l600°F. 

Fig. 51. Fractographs of O.34C-lMo3Ni alloy, a) 2200°F as-quenched 

b) 160Qo F as-quenched c) 2QO°C d) 300°C e) 400°C f) SQO°C 

g) 6QO°C all tempered specimens austenitizedat l6QO°F. 

Fig. 52. Fractographs of O.26C-lMo3Ni alloy, a) 2200°F as-quenched 

b) l66QoF as-quenched c) 200°C d) 300°C e)4QO°C f) sQQoC 

g) 6QO°C all tempered specimens austenitized at l600°F. 
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Fig. 53. Fractographs of O.35C-lMo3Ni alloy, a) 2200°F as-quenched 

g) 600°C all tempered specimens austanitized at 1600°F. 

Fig. 54. Comparison of measured and calculated values of Krc ' 

Calculated values were determined using tensile properties of 

this study and Hahn and Rosenfield's model 32 

Fig. 55. Plane strain fracture toughness vs Mo content. 

Fig. 56. Plane strain fracture toughness vs prior austenite grain 

size. 
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r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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