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CARBURIZING STEEL FOR HIGH TEMPERATURE SERVICE

T. B. Cameron and D. E. Diesburg

\i:frﬁj: P ABSTRACT
.g Y s 1 1\

Five steels similar in composition to CBS1000 and a low carbon
M50 composition were evaluated with respect to carburizing charac-
teristics, temper resistance, hot hardness and carburized fracture
toughness. Si, Mo and Ni levels were varied in an effort to identify
a composition that would maintain a surface hardness of 58 HRC mini-
mum at 315 C (600 F) without a deterioration in fracture toughness
properties. Si and Ni were both shown to retard carburization but
have little influence on hardness retention or fracture toughness.

A composition with 2.3%Ni was shown to have optimum carburizing,
hardness and fracture toughness properties. The moaified steel
showed an improvement over CBS1000 in case fracture toughness but
the core fracture toughness was lower than that of CBS1000. This
steel was tested in rolling contact fatigue and found to be similar
in performance to through-hardened M50.

S

Key Words: Carburizing steels, CBS1000, M50, temper resistance, hot hardness,
fracture toughness, rolling contact fatigue,
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: \\ INTRODUCTION
I ~ ~ :
: S ) “T;’k prime concern in airborne equipment is to avoid a brittle fracture in
> gearing or bearings which could lead to catastrophic engine or propulsion sys-
tem failure. Projected requirements for advanced aircraft and helicopters
. !! suggest that currently employed through-hardened materials will no longer be
o . adequate for these applications due to their low fracture toughness. Hence
i ‘there is an interest in carburized materials which have somewhat similar sur-
P face characteristics to the through-hardened materials but inherently higher
:} core toughness due to the lower core carbon levels, Design specifications
- indicate a successful carburizing steel for thes;/hpplications would be one
. which maintains fracture characteristics similat to carburized SAE 9310 and a
‘S minimum surface hardness of 58 HRC after a 1000-hour exposure to 315 C (600 F)
Y temperatures. SAE 9310 has good fracture toughness and hardness at tempera-
tures below 150 C (300 F) but does not maintain adeguate hardness at the
o) operating temperatures expected in critical gearing and bearing applications.

W A\ .
L 4 C:‘;t* = % R 1 . .
~ revious research results! have shown that CBS1000, a relatively high

LYY alloy carburizing steel made by the Timken Company, may have optimum proper-
S }: ties in comparison with other available compositions, but its fracture tough-
) T ness is inferior to that of SAE 9310 and its surface hardness after exposure
¥ is only marginally within specifications. Hence, the objective of this in-
ii vestigation was to evaluate various alloy and processing modifications of
. the CBS1000 base composition which previous research had indicated may im-

prove f._.acture toughness and surface hardness retention. These modifications
. focused on the influence of silicon, molybdenum and nickel concentrations as

(& 2y

> well as austenitizing temperature. Also included for comparison was a low car-
bon modification of M50 which has shown promise for high temperature bearing
applications. The composition and processing combination producing optimuia
. !! toughness and hardness properties was then tested in rolling contact fatigue.

v
Ve sy

o
o
-\,‘:‘_ EXPERIMENTAL PROCEDURE
N A Sample Preparation
. &:\
- The steels in this investigation were initially prepared as 25 kg (55 1b)
. induction melted heats. Starting materials were pure metals or ferro-alloy
) : addition agents. Melting was conducted under an inert argon atmosphere and
& each heat was cast into two 78 mm (3-1/16 in.) diameter ingots approximately
< 200 mm (8 in.) in length. Chemical analysis was obtained for each heat from
s ?: a button which was chill cast on the end of the ingot.
v Y
o
LI

The two ingots from each heat were then welded end to end and used as
consumable electrodes for vacuum arc remelting. Hence, induction melted in-
gots were subsequently remelted in a vacuum arc remelting (VAR) process and
cast into a water cooled copper chill mold approximately 105 mm (4-1/8 in.)
in diameter. Chemical analysis for light elements was obtained from a section

of each remelted ingot following the VAR process,
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l' VAR ingots were then heated to 1200 C (2200 F) and forged to 32 mm
(1-1/4 in.) diameter bar from which carbon gradient bars and hot hardness
! samples were subsequently machined. Half of the 32 mm bars were then reheated
:ﬁ to 1200 C and forged and hot rolled into 12 mm (1/2 in.) square bar from which
5& Charpy specimens were machined. Additional specimens were cut from the 32 mm
diameter bars for use in determining appropriate carburizing and austenitizing
& parameters,

Following evaluation of heat treating and fracture toughness data, one
steel was selected for rolling contact fatigue testing., An additional amount

e of this steel was machined into cylindrically shaped specimens for rolling con-

A tact fatique tests and one carbon gradient bar., Carburized and heat treated
rolling contact specimens were ground and polished prior to testing, resulting

e in the removal of approximately 0.25 mm (0.010 in.) from the surface of each

Eﬁ specimen,

. . . :

:‘ Carburizing and Heat Treating

To determine the appropriate carburizing potential for the steels in this
) investigation, 1 mm (0.04 in.) thick wafers from each steel were preoxidized,
cleaned and carburized at 925 C (1700 F) for 3.5 hours at carbon potentials
of 0.8%, 1.0% and 1.15% and quenched in water, Wafers were then analyzed for
o total carbon concentration. Carburizing time was such that the ratio of core
.I to surface carbon concentration should be above 0.95.

The effect of reaustenitizing temperature (following carburizing) on the
temper resistance of the steels in this investigation was evaluated in two
stages. In the first stage, 6 mm (0.25 in.) thick samples of Steels A, E and
F were carburized and heat treated as shown in Table 1. Hardness values were
recorded at various points in the heat treatment and after 5, 50 and 100 hours
of A~ accelerated tempering treatment at 410 C (770 F). In the second stage,
6 mm (0.25 in.) thick samples of Steels A through E were carburized and heat
treated in a similar manner to that shown in Table 1 except that reausteni-

‘l:‘:\'}'\-ﬁ

ey ]

“a?
(NS

v, tizing temperatures ranged from 1037 to 1149 C (1900 to 2100 F), as shown in

. Table 2. Surface hardness values were recorded before and after a 500 hour

— exposure at 315 C (600 F). 1In order to determine the effect of the preoxida-

{3 tion step on final hardness, one sample of each steel was not preoxidized prior

T to carburization but otherwise processed in a manner similar to the other sam-
ples in the second stage.

i? Heat treatment, carburizing and tempering were conducted on unnotched
Charpy specimens, hot hardness samples and carbon gradient bars from each

o~ steel in this investigation as described in Table 3. Before carburizing Charpy

v specimens, two opposite sides were coated with carburization inhibiting paint

L &

to prevent carburization on those faces.

As-heat treated surface hardness values on all materials except Steel F
were above or slightly below the 58 HRC minimum hardness value. In addition,
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subsequent analysis of carbon gradient bars indicated that final surface car-
- bon levels were well below furnace set point values. In an effort to deter-
A mine if the surface hardness was related to surface carbon levels, Steels A
through E were recarburized for either 1.5 or 4 hours and treated again as
shown in Steps 3 through 8 of Table 3.

i
/] ]
L&

—
4
A

[
g B4
g
T

e
L}

.

o

Carbon Gradient Analysis

o Sl

.

The carbon gradient bars were heat treated along with the test specimens
throughout the heat treating program. They were softened by tempering at 540 C
(1000 F) for one hour, and chips were machined in incremental layers for carbon
analysis by a combustion method.

o
IR

o

In order to obtain carbon analysis of recarburized (11 hour) specimens,
the side portions (stopped off during initial 7 hour carburizing) of the Charpy
specimens were machined off following softening, and ten layers were removed
from the remaining carburized surfaces in increments of 0.25 mm (0.010 in.).

VATV,
Ll

§orid

DA g

PRI

b Hardness Testing

b N The surface hardness of the carburized Charpy samples was evaluated

] '. before the treatment for 1000 hours at 315 C (600 F) by taking HRA measurements
¥ directly on the carburized surface and converting the readings to HRC values.
N 3 Microhardness profiles were also obtained from representative samples which

'j %: had been mounted and polished. The hot hardness of each carburized steel was
:i ’ determined under vacuum between room temperature and 400 C (725 F). Vickers

hardness impressions were made directly on the carburized surface with a 2.5 kg
load on specimens heated in 50°C (90°F) increments starting at 100 C (212 F).

i The surface of the specimen had been lightly cleaned with 600 grit paper prior

s to hot hardness testing. The hot hardness of the core of each steel following

2 (
.

j LY heat treatment was determined in a similar manner on specimens from which the
o case had been ground off.

& -~ Microhardness profiles for the specimens used in rolling contact fatigue
$ o testing were obtained from the carbon gradient bar processed along with the
‘} - rolling contact specimens. Surface hardness values were obtained on rolling
‘O contact specimens following machining and polishing and prior to rolling con-

j o~ tact fatigue tests.
ij o Fracture Toughness Testing

L] I,

0 , .

X Fracture toughness testing was conducted on both carburized (8.5 hour)
:, . and recarburized (1l hour) specimens in either the as heat treated condi-
E‘ h) tion or following the 1000 hour exposure to 315 C (600 F). Prior to testing,

E notches 0.13 mm (0.005 in.) wide were machined into the surface of the Charpy

N bars using electrodischarge machining (EDM) to depths which ranged from

v 0.13 mm (0.005 in.) to 1.5 mm (0.060 in.). The location of the notches was
'Y .

N,
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?. ‘-

2 ' the same as that used for normal Charpy V-notch specimens (see ASTM E23 Stan-

Rolling Contact Fatigue Tests

WS dard Testing Procedure). The notches were sharpened by high-cycle fatigue pre-
;\J O cracking between a constant minimum and maximum load, where P ., = 10 Ppi,.
b In general, precracking was successful with values of P __ = 635 kg (1486 lb);
ey however, loads of up to 726 kg (1600 lb) were needed for the shortest EDM

' '; notches. 1In most cases, successful precracking was obtained in 30,000 cycles.
g}j - The precracked specimens were broken in three-point bending as specified
A . in ASTM E399. The load and displacement across the notch opening were re-

:': Ny corded and fracture toughness was determined as described for bend specimens
WAy T in ASTM E399.

O

{ zk Residual Stress Analysis
" Q? Following fracture toughness testing, residual stresses were determined
g o as a function of depth from the surface. Sequential layer removal and stress
‘h measurement techniques are described elsewhere.*’
[
SRR
:}} - Metallography

ta
-
(53 - Fracture toughness specimens were used for metallographic and fracto-

lt graphic examination. Sections were mounted and polished for optical and

\:g scanning electron microscope examination of case and core structures. Frac-
.~ ture surfaces were examined directly using the scanning electron microscope.
\-‘ Y
‘\": s
-.:. -
‘e

]

Based on a comparison of test results from other aspects of this investi-
gation, Steel D was selected for further evaluation in rolling contact fatigue.

"E-‘“-r‘
ool

A Specimens prepared for rolling contact fatigue testing were processed as shown
:ﬁ f% in Table 3 except for the following modifications:
"
g?, - a. Carburizing (Step 2) was conducted for 12 hours.
~ .
:f " b. OQuenching after reaustenitizing (Step 4) was done in two steps:
. a flash gquench in salt at 620 C (1150 F) followed immediately
~7 A by a quench in oil at 38 C (100 F).
o o
“n b
v g
& Rolling contact fatigue tests were conducted on five cylindrical speci-
.:, -~ mens with approximate dimensions of 9.5 mm (0.38 in.) diameter by 76 mm (3 in.) .
_aj ;q length. The tests were performed by Federal-Mogul using a ball-rod type con- :
‘:q B tact fatigue tester.3 Final machining and finishing operations on the test :
:; - specimens were also performed by Federal-Mogul according to their specifica-

-1 tions for this test. A minimum of twenty tests was conducted with test lives
analyzed by Weibull statistics. Testing conditions are described in more
detail in Table 4.
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N ' RESULTS

re Chemical Analysis

The chemical analysis of each steel following induction melting and of

. !F light elements following VAR is given in Table 5. The analyzed compositions
o ) were almost identical to the target compositions. Comparison indicates there
e were only very slight changes in composition as a result of the VAR process.

. This is as expected, given that the main objective of VAR is to improve chemi-
A ES cal and physical homogeneity.

Carbon concentrations obtained in wafers carburized at various carbon
oS f: potentials are shown in Table 6. From these results, it was concluded that
el - Steels A through E would be carburized at a potential of 1.15%C and that
;:: Steel F would be carburized at 0.75%C.

4 « o
SN
. 4 : v Reaustenitizing Temperature
Sl T,
}: fi Stage 1 of the study of the effect of reaustenitizing temperature fol-
e N lowed the change in hardness of Steels A, E and F from the carburized and
Wy quenched condition through the accelerated (410 C) temper treatment. The
M average value of hardness for each steel is shown in Figure 1 after the vari-
. .‘ ous heat treatment steps described in Table 1. The data indicate that the
g N tempering at 315 C (Step 6) had a substantial effect on the surface hardness,
w o and that no hardness change occurred after the first 5% of the accelerated
‘;j r: tempering treatment, Step 9. These results suggest that Steel A is the least
WOl temper resistant, that Steel E is marginally below the minimum 58 HRC value
1 and that Steel F easily meets the hardness minimum even at the accelerated
:{ (410 C) temperature.
s Table 7 presents the results jllustrating the effect of the reausteni-
ey Rﬁ tizing temperature on hardness of the samples (A, E and F) that were tempered
W A in the accelerated treatment at 410 C. These data also confirm that there was

ba/! little or no change in hardness after 5 hours at 410 C. These hardness results

b ™ indicate that the highest reaustenitizing temperature (1095 C) produces the
) QF highest values of surface hardness in Steels A and E, but that a temperature
PR of 1040 C produces the highest bardness in Steel F. Although these data indi-
Hs cate it was necessary to use at least a 1095 C reaustenitizing temperature to
. ﬁ{ obtain the minimum 58 HRC following (accelerated) tempering for Steels A and E
f1 (and most likely Steels B, C and D also), Steel F had satisfactory hardness
!5 results following any of the austenitizing temperatures. Hence, a lower re-
P austenitizing temperature (950 C/1750 F) was chosen for Steel F.
; o
2 Surface Hardness and Case Hardness Profiles
L, -:'.'
. &
d 55 As it was not possible to document the precise correspondence of the ac-
:% celerated 100 hour - 410 C treatment to the required 1000 hour - 315 C treat-
k: r; ment, and because of the low and marginal results of Steels A and E, Stage 2
%
-6~
'
N
“4
) - vt .
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of the study on the effect of reaustenitizing temperature was initiated. This

G second stage evaluated Steels A through E; Steel F was eliminated because first
Y ;i: stage results were considered acceptable. Because maximum tempered hardness

values for Steels A and E in Stage 1 were obtained at the maximum austenitizing
temperature (1095 C), the range of austenitizing temperatures in Stage 2 was
increased to 1150 C as shown in Table 2. The results of the tempering on sur-

~ face hardness were evaluated after 500 hours at 315 C. Stage 1 results indi-
cated that there was no drop in hardness after the first 5% of the temper ing

B #I time. Hardness values obtained before and after the Stage 2 tempering treat-
) ment are shown in Table 8. These results reinforce those obtained in Stage 1

and indicate there is no change in hardness during extended tempering at 315 C.
Except that Steel A has slightly lower hardness following the 500 hour tem-
5? pering than Steels B through E, average hardness values of the steels before
o and after tempering are very similar and, in general, slightly above the mini-
mum 58 HRC. A comparison of the results in Tables 7 and 8, showing the influ-
ence of reaustenitizing temperature on hardness values, indicates that, for
Steels A through E, a reaustenitization at 1095 C (2000 F) should produce the
maximum surface hardness values following extended tempering at 315 C. The
. hardness values of the samples that were not cleaned following preoxidation
5; (Table 7) or not preoxidized at all (Table 8) indicate that preoxidation may
; not be an essential step prior to carburizing. However, because the influence
of preoxidation treatment on case depth and surface carbon concentration has
not been investigated, the preoxidation stage was used in this investigation,
" Based on these results, the heat treatment selected is that shown in Table 3.

HE The microbardness profiles of Steels A through E carburized for 8.5 hours
S are shown in Figure 2 along with results of Sample F carburized for 7 hours.
T Carbon profiles ' or these same steels are shown in Figure 3. As indicated

' in Figure 3, surface carbon concentrations are lower than the furnace carbon
!! potential setting. Surface hardness values, however, were considered to be

L acceptable for the fracture toughness portion of the testing program,

;Q The carbon concentration profiles obtained on the recarburized specimens
s (11 hours) are shown in Figure 3b. Table 9 shows a compar ison of the surface
hardness values obtained before and after the 1000 hour exposure at 315 C (600 F)
- for both the 8.5 hour and 11 hour carburizing conditions. These results con-
A firm that there is very little effect of tempering on the surface hardness at
™ this temperature. The major drop in hardness from the as-carburized value
. takes place during the two hour 315 C (600 F) temper in Step 6 of the heat
:H treatment program, and there is little subsequent change in hardness.
s
Results from the hot hardness testing of the carburized cases are shown
‘4 in Figure 4. The relationship between temperature and surface hardness for
}: Steels A through E is very similar. oOver the temperature range up to 200 C
(400 F), Steel F has better hot hardness than the other steels. However,
£t beyond this temperature, its hot hardness is similar to the other steels in-
2% vestigated. Hot hardnes<c tests of the core material at temperatures up to

400 C (753 F) are summarized in Table 10. Results indicate that there is
: little change in core hardness with temperature across this range. Room tem-
. perature core hardness of Steels A through D increased with Mo or Si levels
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and decreased in Steel E with an increase in Ni level. Core bhardness values
of Steel F were low due to the formation of carbides and ferrite at the
relatively low reaustenitizing temperature employed.

Residual Stress

Residual stress profiles are shown in Figures 5 and 6 for Steels A
through F following heat treatment but before the 1000 hour exposure to
315 C (600 F). 1n general, most values of residual stress were between 0
and -200 MPa (0 and approximately -30 ksi). There was little difference in
residual stress between Steels A and B resulting from the difference in car-
burizing times (8.5 and 11 hours). 1In addition, Steels A through E bhad a
similar residual stress pattern to Steel F. Previous researchl indicated
that the magnitude of the residual stresses would be reduced by the 1000 hour
exposure. Because of the relatively low values obtained before exposure (gen-
erally between 0 and -25 ksi), residual stress effects on fracture tougbness
values were assumed to be negligible following the exposure.

Fracture Toughness

Figure 7 shows a generalized comparison of initial fracture toughness data
before and after the 1000 hour exposure at 315 C (600 F). These profiles were
not corrected for effects of residual stress. As discussed previously, because
of the relatively low magnitude of residual stress values before exposure, the
contribution of residual stress to fracture toughness after exposure would be
even less and was considered to be negligible. There were 50 specimens evalu-
ated in a pre-exposure condition, and 34 specimens evaluated in a post-exposure
condition. The similar results obtained from these two groups of specimens
support that there were no significant changes in the fracture toughness values
as a result of the 1000 hour exposure,

Based on these results, primary attention was focused on the fracture
toughness prior to the 1000 hour exposure. The individual fracture toughness
profiles (prior to exposure) are shown in Figure 8. The actual data from which
these profiles were obtained are shown in Table 11. These have been corrected
for the effects of residual stress. The correction for residual stress was
slight, with corrected values generally within 10% of the original value,

Steels A through E had relatively similar fracture toughness profiles. The
results, however, show a significant difference between the group of Steels A
through E and Steel F at carbon levels below 0.7%. The low fracture toughness
of Steel F will be addressed in the discussion of microstructures which follows.

Metallography and Fracture Analysis

Metallographic evaluation of the carburized steels was based on a com-
parison of Steel D and Steel F. Steel D was representative of Steels A-E in
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»5& ‘ terms of microstructures and fracture appearances. Steel F displayed con-

@‘ - siderably different microstructures from the other steels in this investiga-
e Qb tion. Optical micrographs in Figures 9 and 10 illustrate the aifferent struc-
ib R tures obtained. Steel D was typical of low alloy carburized steels. However,
ey Steel F had a large amount of carbide present in both the case and core, and
o sg the core had a mixed martensite-ferrite structure. The ferrite resulted as an
’h? ' equilibrium phase (rather than a transformation product) from the dual phase
3§v austenite plus ferrite matrix structure present at the final austenitizing

Qﬁ j temperature, 950 C (1750 F). Figures 11 and 12 show similar areas observed at
2&‘ @g higher magnification in the scanning electron microscope. Figures 13 and 14

illustrate typical fracture surfaces of Steels D and F in the case and core
- regions of fracture toughness specimens. Though the case fracture appearance

;ﬂ t' is similar in both steels, there were more precipitate particles in evidence

;p, v (most likely carbide particles) in the fracture surface of Steel F. Core

"l fracture surfaces were dissimilar in that Steel F had a predominantly cleavage

%ﬁ' Eg type of fracture surface as compared with the mixed dimple-rupture plus quasi-
o cleavage surface of Steel D.

-
-
0

' ! Rolling Contact Fatigue

----< |
- - i ;
. I
vor R«

Carbon and hardness profiles obtained from the carbon gradient bar pro-
cessed along with the rolling contact fatigue specimens of Steel D are shown
in Figure 15. Note that the specimens themselves would have up to approxi-
mately 0.25 mm (0.010 in.) removed from the surface in grinding and polishing
prior to testing and that the difference in geometry between the carbon gradi-
ent bar and the smaller rolling contact fatigue specimen will result in a
Y slightly deeper case in the latter. Surface hardness values obtained on the

ey ends of the rolling contact specimens are shown in Table 12. Surface hardness
~ ’[ values obtained on the rolling contact surface after grinding and polishing
:; ‘) but before testing are also shown in Table 12,
o4
N
y Cycle life values obtained in the rolling contact fatigue test are shown

/2'
oo

SN in Table 13. Also shown are the results of the Weibull analysis and a 90%
Ly confidence band. These results are illustrated in a conventional Weibull plot
e shown in Figure 16.

s
a3

U
) :’{g DISCUSSION
b The objective of this investigation was to focus on steels with composi-
i\ < tions similar to CBS1000 (Steels A through E) and look at alloy variations (Si,
*;; t{ Mo and Ni) that might improve both temper resistance and fracture toughness.
'is A low carbon version of an M50 composition (Steel F) was also included in the
2 -\ investigation for comparison.

The initial focus of this investigation was the determination of an op-

N timum reaustenitizing temperature, specifically with respect to the surface

&. $:‘ hardness following the 1000 hour exposure at 315 C (600 F). The results shown
: )
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% in Tables 7, 8, 9 and 11 indicate that surface hardness values above the 58 HRC
minimum can be obtained in the CBS1000 modifications and that these hardness
values are maintained during the 1000 hour exposure at 315 C (600 F). Follow-
ing the selection of Steel D for additional testing, the results in Table 8 in-
dicated that 1095 C would be the optimum reaustenitizing temperature. Resuits
in Table 8, however, suggest that reaustenitizing at 1040 C (1900 F) may be
suitable, and commercial practice for CBS1000 suggests that a reaustenitizing

>
7

-
:
3N

-
»
3
-

1## temperature of 1010 C (1850 F) may eventually be shown to be acceptable.

B -

l' As

3; " Hot hardness results shown in Figure 4 indicate the case hardness char-

acteristics of all the CBS1000 type steels are below those of the M50 steel at
temperatures below 200 C (390 F). Steel composition does not appear to play a

qf ?3 role in the hot hardness of the CBS1000 types. Core hot hardness results shown

M in Table 10 illustrate a similar indifference to composition within the CBS1000

o steels. The low core hardness value of the M50 steel, Steel F, is a reflection

;f 0 of the large amount of ferrite in the core that resulted from the low reaus-

; Eﬁ tenitizing temperature employed.

;¢j mq, The carbon profiles shown in Figure 2 suggest that the CBS1000 type steels

L :{ are relatively resistant to carburizing and that surface carbon levels much

W above 0.8% are not to be expected following the reaustenitization treatment.

e The low surface carbon levels of these steels are probably a result of a com-

s ii bination of the relatively high level of nickel in these steels resulting in a
retardation of carburization and the high reaustenitization temperature which

[
-

reduces surface carbon through diffusion. These results are consistent with
F i results obtained in the earlier research on steels with similar nickel levels, !
f: Evaluation of the relative effects of Si, Mo and Ni on the carburizing results
* shown in Table 6 and Figure 3 indicates that Si and Ni additions retard car-
burization while Mo improves it.

o T X X

»
-
.-

. o

-

Fracture toughness characteristics of the steels evaluated in tnis in-
vestigation are summarized in Figures 7 and 8. Results from Figure 7 confirm
o that fracture toughness did not change as a result of the 1000 hour exposure
at 315 C (600 F). The results in Figure 8 indicate that composition modifi-
cations among the CBS1000 type steels did not influence performance in the
= fracture toughness tests. A comparison of the fracture toughness profile of
: Steel D with that of CBS1000 (data from Ref. 1) is shown in Figure 17. The
fact that there were differences in the experimental procedures between these
two investigations was taken into consideration (see Appendaix), resulting in a

te ~#; )
<"
-

1
-

A L K K R A

A conservative comparison of the differences between the two steels as shown in
LK% Figure 17. The comparison indicates that Steel D has a higher fracture tough-
9 ness than CBS1000 in the carburized case but less fracture toughness at the
;- », low carbon levels representative of the core. However, as explained in the
(N Appendix, the differences between the two steels could be somewhat greater

R ’ than indicated in Figure 17.

5.

; E% The significant difference in fracture toughness performance between the
{

CBS1000 type steels and the M50 steel was determined to be a result of the
ferrite in the core of the M50 steel and the larger carbide volume fraction
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;kﬂ in the case of the M50 steel. Hence, a higher reaustenitization temperature
’ for the M50 would likely have resulted in improved core fracture toughness

glyt ﬁg characteristics, and, because it would have reduced carbide volume fraction,

3;$‘ v an improvement in the case fracture properties would also be realized.

The results of carburizing and testing were reviewed with respect to the
selection of one steel for evaluation in rolling contact fatigue. Based on
a ranking of Steels A through E with respect to the surface hardness, carbon
levels and microstructures obtained, the choice of steels in order of prefer-
ence was D, C, A, B and E. Steel F had much better surface hardness and temper
resistance properties than Steels A through E, but the poor fracture toughness
and undesirable microstructure of Steel F suggested that it would not be a
suitable choice for further testing. As a result, Steel D was selected for

22

' 3
-

e,

N, ol
X
y_ 4 <
R

?fg the rolling contact fatigue testing.
o~ iﬁ The rolling contact fatigue results are shown in Figure 18 in comparison
i;; with results obtained on through-hardened M50 material as well as a high alloy
& carburizing grade, SAE 3310, and a low hardenability grade, SAE 4118. This
: ’ ot comparison indicates that Steel D may perform similarly to the through-hardened
) 35 M50 but not as well as the other carburizing grades. Additional testing with
SO commercially processed material would be required to fully characterize the
e . rolling contact fatigue behavior of Steel D.
M

=

C ]

CONCLUSIONS

o e

ol
PR

s

-
.

1. Composition variations within the CBS1000 type steels did not have

) - a significant effect on either the temper resistance or the fracture
KA ;% toughness of the carburized case, but they were an important aspect
uﬁs - in the ability of these steels to maintain a minimum case hardness
‘:f: exceeding 58 HRC. Of the CBS1000 type steels investigated, Steel D
siis ?ﬁ {2.3%Ni) was best suited for maintaining a case hardness exceeding
g 58 HRC.
ody

; ;t 2. The carburized low carbon modified M50 steel easily met the minimum

4

surface hardness requirements and exhibited better temper resistance
than the CBS1000 type steels at temperatures up to 200 C (390 F).
However, the fracture toughness was significantly below that of the
CBS1000 type steels.

,‘
550

A
>

3. Neither the CBS1000 type steels nor the modified M50 steel exhibited

.\i{ e a significant change in fracture toughness as a result of the 1000
:;5 O hour exposure to 315 C (600 F).

R

o

:;f_ W 4. The CBS1000 type steel (Steel D) at a hardness level of 58 to 61 HRC
i % had a rolling contact fatigue life similar to that of M50, which haa
[ .

a hardness of 62.5 HRC.
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5. The CBS1000 type steel (Steel D) had a higher fracture toughness
than CBS1000 in the carburized case but less fracture toughness in

the core.
AMAX MATERIALS RESEARCH CENTER
T Al
! 1S -Corro—
T. B. Cameron
D. E. Diesburg
/bmf-2237b
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Table 1

a2

-
Yy e
I

gk Heat Treatment for Stage 1 of Preliminary Temper
e Resistance Study (Steels A, E and F)

=Y

; B Step Procedure
L) ?.-:
n 1 Preoxidize at 950 C (1740 F) for 1 hour;
glass bead blast oxide off (Sample 6 not cleaned).

kS o
(L% 38
2 2 Carburize at 925 C (1700 F) for 7 hours and warm
Q - oil quench. Steels A and E carburized at 1.15%C,
o Steel F carburized at 0.75%C.
. B
L
1
S 3 Temper at 650 C (1200 F) for 1 hour and air cool.
& :'
ey
\ - 4 Reaustenitize each steel as shown below in a low
’ i dew point hydrogen furnace and warm oil quench.
'i Sample 1 2 3&6 4 5
h p,
i ::-. Temp. (°C) 950 980 1010 1040 1095
; i Time (min.) 45 35 25 20 10
R u
\ 5 Refrigerate to =80 C (-115 F) for 3 hours.

ﬂ.:.
RN
Y 6 Temper at 315 C (600 F) for 2 hours.
&
I
- ~ 7 Refrigerate to -80 C (=115 F) for 3 hours.

2
p o 8 Temper at 315 C (600 F) for 2 hours.
P
? - 9 Temper at 410 C (770 F) for 100 hours.
-
LN
v s
“
SIS

l'/'

&
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Table 2

G =2
N~ o
o Reaustenitizing Temperature for Stage 2 of
’ Temper Resistance Study (Steels A-E)

o
SN
‘- % -
A%
&9
:ﬂ ! Temperature, Time,
< condition c_(F) min.
hl 1 1040 (1900) 20
e 1
:. 2 1095 (2000) 12
j w
. i 3 1150 (2100) 7
My 4@ 1095 (2000) 12
n
M
[, dsamples in Condition 4 were not preoxidized

before carburizing.
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Wt e Table 3
iy -
: | !; Heat Treatment Program for Steels A Through F of Tnis Investigation
SN
SO
\:_
N A
S e
‘."- ;\w . .
oy - 1. Preoxidize at 950 C (1740 F) for 1 hour.
oy éi' 2. Carburize at 925 C (1700 F) tor 7 hours (Steels A-L at
i; o 1.15%C and Steel F at 0.75%C) and warm oll quench.
22
Y 5 3. Temper at 650 C (1200 F) for 1 hour.
R
IE 4. Reaustenitize Steels A-E at 1095 C (2000 F) tor lUu minutes anu
';w - Steel F at 950 C (1750 F) tor 45 minutes and warm oil quench.
« \t C'\
N o 5. Refrigerate to -80 C (-115 F) for 3 hours.
' 1)
Ny E 6. Temper at 315 C (600 F) for 2 hours.
'ﬁ) 7. Refrigerate to -80 C (-115 F) for 3 hours.
;Jg Hz 8. Temper at 315 C (600 F) for 2 hours.
L) A
10
\5}
4

Note: The above process was modified slightly for the rolling

3:.

o contact fatique specimens prepared from Steel D as tollows:
,l;',-' (A
q? o a. Specimens were carburized for 12 hours.

",

Qd b. Specimens were reaustenitized at 1095 C (2000 F)
for 10 minutes ana flash quenched in salt at 62u C
(1150 F) immeduiately prior to oil guenching.
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. Table 4

99 ) . .
,\gx 5e Conditions of Rolling Contact Fatigue Tests

L J

Steel D
o Radial Load on Bar 243.6 lb (1084 N)
Calculated dertzian Stress 786 ksi (5.52 GPa)

“n
3: Rotating Speed of Bar 3600 rpm

. No. Stress Cycles/Bar Revolution 2.389
E Lubricant MIL-L-23699 (Exxon 2380)
Lubricant Temperature Room temperature (70-75 F)

Lubricant Drip Rate 8-10 drops/minute

LS
b

i
5 Y Y
f-‘,l{l{A.’
:r‘r

.‘g?
T

l’l F
R !
e

"II,J

"l -“
-s l" ” '.' s
2
’

PR

RN
R

p——
"
s
ol

1o
N

x5
:.:’ -
- 5}?-;'}‘"

e

s s 4
TR

o o
'li.‘!ﬁh \‘.&d
- "-

-17-

Iz
~

W,
s

".’:.' Y '-";.FQ-"“"-P'J" RTINSy .("-#..r_.-,.r N
"0.’%"'1 XYM LN WA

- -

T 7
\ ‘h \-f‘.f“$ ' y ‘-I‘I':'-"ql*- .




- P i a1 A A=A A A aSh At ot pad olh ol AU Sl otls bl abft* ol Nl V‘T

QO
9
it -pazk -
i pazAteur jo0u = mzm
. ﬁ
v ‘YN 9700°0 | GT0°0 | €T0°0 [ BI0 O ¢1°0 | 89624
0
Q,
g *Y¥°N 870070 | ¢90°0 | €T0°0 | 8T0"0 Z1°0 | L9624
0C00°0 ) ¢500°0 | 0G0°0 | 2T0°0 | 8TO O saoqy o3 Tenbg Z1°0 ; 99624
"YTN ¥p00°0 | 9€0°0 | T10°0 | 8T0°0 g 03 pa3jdadxy 1170 | S962d
€200°0 | OV0O0°0 [ 9¥0°0 | CTO°0 | LTI0" 0 ¢1°0 | ¥96cd
910070 | 0500°0 | TSO"0 | €T0°0 | 8TO0" O €1°0 | €962d
butr3itawsy day umnoep Hutmorrog uotzrsodwon
“V'N 0500°0 | 0C0°0 | YVIO"0 [ 9TO"0 | TE'T | T€" ¥ YN { ZZ°V | G2°0 | 0£°0 | CT°0 | 89624
‘Y°N vS00°0 | 990°0 | ¥T0°0 | LT0°0 | OFP°0 | 20°T | b0"€ | TZ2°€| TS0 05°0 | 21°0 | t9e2d &
~
(
TT00°0 | ¥500°0 | SS0°0 | €T0°0 | 9T0°0 | T¥P°0 | CO"T | €€*2 | 22"¥| T¢s"0| 05°0 ] 2T°0 | 99624
‘YN T500°0 | 6€0°0 | ZT0°0 | LTO°0 | OP°0 | T0°T | 2€e"2|81"€| Ts 0| 15°0{ 21°0 | 59624
ST00°0 | ¥¥00°0 | 8Y0°0 | CTO°0 | 9TO"0 | OV"0 | €0°T | pe°2 | 0€°¢| 00°1| 15°0 | 2T°0 | vosza n
£ET00°0 ) €500°0 ) 090°0 | STO'0 | LT0°0 | T¥P'0 | 00°T | 0€"2 |82 2| 16°0| 1S°0] 21°0 | €9624 v m%_
BuT3{SW UOT3IONPUI umndep BuTMOTTOL uot3ztsoduwo) Mﬂm
o | N ] ] s T a 1T Al o] ] ow] s uww ] o5 Jesy | 19935 L
$=-3IM ‘JusweTl shm

L

A
K
o
9.

»
-

Sabels DUT3IT3W SNOTARA BUTMOT[O4 S1993S 30 uot3tsodwo)

"
<

-
%

i

S afqey

(%,

v

NS

&
MY

L4
-,

AR TR
AP ”A»-Nl L p-nnvi. P

.
e

i




o Report 82-C-66

j-’" )

SO
o, ,
b
: ot Table 6

: F Effect of Carburizing Potential on Surface Carbon Content
3 LS
N
RN o Furnace Carbon Potential
" Steel 0.8%  1.0%  1.15%
NCSEINE |

,:1 -~ A 0.83 0.92 1.04
S B 0.67  0.73  1.03
-
SR c 0.79  0.90  0.95
qd ~ D 0.80  0.91  1.02
E 0.80  0.90  1.01
M

o F 1.16 1.43  1.36
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B
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. ﬂ Table 7
O
f Surface Hardness (HRC) after Stage 1 Accelerated Tempering Studies
Y

LS
o

Reaustenitizing Steel A Steel E Steel F

5 sample  Temp., C (F) Avg.® Final®  Avg. Final  Avg. Final
v ta
" 1 950 (1750) 52 52 57 55 60 59
N 7
) a 2 980 (1800) 54 55 56 57 61 61
A 3 1010 (1850) 57 57 57 58 61 61
" 4 1040 (1900) 55 55 55 S8 61 62
o
. 5 1095 (2000) 58 58 58 60 60 61
¥ &S 1010 (1850) 57 57 58 58 61 60
B o
g i? aAverage of readings taken after 5 bhours.
\) »
“r bAverage value of readings taken after 100 hours.
- Csample similar to No. 3 but preoxidized in furnace
r.. 7. just prior to carburizing.
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P

2L - Table 8
AR
e'; Surface Hardness@ of Stage 2 Samples Obtained
bo % Before and After 500 Hours at 315 C
R,
‘."0 :\: Reaustenitizing Hardness Before Temper, HRC Hardness After Temper, HRC
ko Temp., C_(F) A B C D E Avg. A B C D E Avg.
¥ ’ﬁ 1040 (1900) 59 S8 59 59 60 59 58 57 60 59 60 59
ey 1095 (2000) 59 60 59 56 59 59 58 60 59 60 59 59
SO
K ::- 1150 (2100) 59 57 59 58 58 58 56 60 59 59 58 58
W
B o\ 1095 (2000) 58 57 57 60 59 58 56 60 59 60 S9 59
' Not Preoxidized
3. Average 59 58 59 58 59 57 59 59 60 59
A
.‘: N
W @converted from HRA.
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Surface Hardness (HRC)a Before and After

Table 9
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1000 Hours at 315 C (600 F)

Carburized 8.5 Hours

Carburized 11 Hours

Steel Before
A 57
B 59
C 57
D 59
E 58
F 61

aConverted from HRA.

After
58
58
57
58
56

61

-22-

Before After
57 57
60 60
58 58
58 59
57 57
; AN e e : '¢;:\
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Table 10

Core Hot Hardness Values

Hardness, HV 2.5 kg

<F.

Ry

~1B

IJ\,.".

“~ \?‘“

‘

Room Temp. 400 C (753 F)
470 463
492 461
503 465
531 456
478 480
203 182
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h\.
by
N Table 11
; Fracture Toughness at Various Carbon Levels in Carburized Cases
s (Corrected for Residual Stress Effects
1". K a
) Ic
.'".} Steel % Carbon MPavm (ksivin.)
A 0.12 79.5 (72.4)
F 0.20 81.6 (74.3)
N 0.37 78.2 (71.2)
3 0.56 68.2 (62.1)
> 0.59 70.8 (64.5)
'f_- - 0.62 41.0 (37.3)
~n 0.67 47.7 (43.4)
0.76 49.0 (44.6)
| o 0.78 43.8 (39.9)
J': o B 0.12 74.0 (67.4)
W 0.30 84.9 (77.3)
:\ - 0.44 87.3 (79.5)
N 0.53 63.9 (58.2)
o 0.54 56.2 (51.2)
0.58 49.0 (44.6)
; 0.58 38.4 (35.0)
N 0.60 34.0 (31.0)
‘5‘}‘ a3 0.61 38.2 (34.8)
{ T 0.65 23.6 (21.5)
j_., 0.71 33.2 (30.2)
S 0.72 40.4 (36.8)
i c 0.12 85.9 (78.2)
0.44 64.1 (58.4)
- 0.59 38.1 (34.7)
33 0.61 48.2 (43.9)
ro) e 0.62 45.7 (41.6)
:‘ 0.63 34.7 (31.6)
0.80 36.6 (33.3)
‘ 0.82 46.2 (42.1)
| |
N D 0.12 74.2 (67.6) |
! 0.52 65.4 (59.6) j
Lo, 0.63 53.1 (48.4) |
R 0.69 41.1 (37.4)
Y e 0.70 39.1 (35.6)
0.71 34.0 (31.0)
| -
t E 0.12 73.8 (67.2)
o, A 0.42 58.1 (52.9)
2T 0.56 62.9 (57.3)
AN 0.61 49.0 (44.6)
s 0.62 35.4 (32.2)
- al 0.62 27.9 (25.4)
, 0.69 43.5 (39.6)
- 0.75 34.5 (31.4)
v 0.76 44.7 (40.7)
A
F F 0.17 41.1 (37.4)
X 0.55 25.5 (23.2)
J:,{ 0.87 22.4 (20.4)
LL 1.18 18.7 (17.0)
1.21 13.7 (12.5)
1.22 26.0 (23.7)
e
1 al(;,:: determined using specimens with short crack lengths,
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'bﬁ o)) Table 12

el Average Surface Hardness of Rolling Contact Specimens (Steel D)
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B

After Heat Treating 59

After Surface Grinding 602
and Polishing
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Table 13

Results of Rolling Contact Fatigue Test of Steel D

.
Tae

gx
) {

::o é Cycles Cycles

- ., Item Hours {x 10°) Rank % Item Hours (x 106) Rank %
.

' -;.: 1 4.50 2.25 3.25 12 13.10 6.55 54.68
o e 2 4.80 2.40 7.92 13 13.30 6.65 59.35
) 3 7.30 3.65 12.60 14 13.80 6.90 64.03
gy 4 8.00 4.00 17.27 15 14.00 7.00 68.70
L B 5 8.20 4.10 21.95 16 14.60 7.30 73.38
! 6 9.50 4.75 26.62 17 15.90 7.95 78.05
[ 7 9.70 4.85 31.30 18 16.50 8.25 82.73
"_‘_ -r 8 10.00 5.00 35.97 19 19.60 9.80 87.40
): ' 9 11.00 5.50 40.65 20 20.60 10.30 92.08
e 10 11.30 5.65 45.32 21 33.40 16.70 96.75

i 11 13.10 6.55 50.00

1

: o 21 Items on Test 0 Suspensions

S L10 = 5.86 Hours . L50 = 12.71 Hours 6 Slope = 2.45

-, 2.93 Cycles (x 10") 6.35 Cycles (x 107) Correlation = 0.97

=
¥

90.0% Confidence Band for 21 Completed Tests at Given Slope

" .
3

T ,

' Life Low, High,
N - 6 6
e Level Cycles (x 109) Cycles (x 10°)
o] h%

K L10 1.90 4.91
3 120 2.95 5.71

> L30 3.79 6.35
. »
‘.' w L40 4.55 6.94
T LSO 5.28 7.50
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Figure 2 Hardness as a Function of Depth from the Surface for Steels in This
Investigation. Steels A~E carburized for 8.5 hours; Steel F car-

P‘-' R
' i"' burized for 7 hours.
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Figure 3 Carbon Content as a Function of Depth from the Surface
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1000 T , . ; ,
—— STEEL A
......... STEEL B
—.—. STEEL C
———— STEEL D _d
800 |~z ., T L)
: STEEL F
600 | -
400 | -
200 L 1 1 L 1 —1
0 100 200 300 400 500

TEMPERATURE, C

Figure 4 Hot Hardness of Carburized Steels
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(b) Uncorrected Data for Steels Following the 1000 Hour Exposure

Figure 7 Summary of Fracture Toughness Data (Not corrected
for the effect of residual stress)
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Figure 9 Optical Micrographs from Case (a) and Core (b)
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Pigure 12 Scanning Electron Micrographs of Case (a) and Core (b) of Steel F
{Low Carbon M50) Prior to 1000 Hour Exposure. Etchant: Nital.
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Figure 16 Rolling Contact Fatigue Results of Steel D
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APPENDIX

Fracture Toughness Comparison Between Steel D and CBS1000 in Figure 18

In the present investigation, the sides of the Charpy type fracture
toughness specimens were "stopped off" to prevent carburization on the two
opposite side faces. 1In the prior investigation,l the Charpy specimen had
been carburized on all sides. The two processes result in a difference in the
width of the analyzed volume at the base of the notched and precracked region.
Whereas the analyzed volume in the present investigation has a width equal to
the width of the specimen because carburization on side faces was prevented,
the CBS1000 specimens have regions of higher carbon content (lower fracture
toughness) at the extreme ends of the notched-precracked portion which, it
is assumed, do not contribute to the measured fracture toughness of the lower
carbon region. Hence, in order to compare the fracture toughness profile of
the CBS1000 steel with Steel D, the fracture toughness values for CBS1000
(from Ref. 1) were adjusted as shown below:

CBS1000 _ K Specimen Width
IC(adj) I1ICc * 'Specimen Width - 2 (Notch Depth)

Because the assumption is made that the higher carbon regjons at the extreme
ends of the CBS1000 notched length made no contribution, the adjusted CBS1000
fracture toughness profile is probably somewhat on the high side of the true
fracture toughness profile with the greater inaccuracy occurring in the lower
carbon portions of the profile. However, this process does result in a con-
servative comparison of the fracture toughness differences between CBS1000 and
Steel D, suggesting that the differences are probably somewhat larger than il-
lustrated.

BORTLaTel
.. N a8

- S - Y R N UL S S I I SR
. 'H"Ff-g"- e ".\-.'-:(f' "'-:’.\('- ‘raY 4'-‘:\'\ AT SRS ) *, o~ N .\‘._ ~ \'- =3
v s - W 4 Y0, A A A 2 Bat) Y X, s .




rPLL AL Ty By G, Y
s D) ROARAEY J XYY,

e s SRR NS B
RAC A DARARRA ﬂ_.m.h\.n. oz



