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INTRODUCTION

In early November 1976, several 155mm M185 split rings (Fig. 1)

fabricated from SAE 4140 steel seamless tubing cracked during

various stages of their manufacture. In all reported failures,

the rings had been heat treated and "kinked", an operation

whereby the component is plastically deformed and acquires

a considerable residual tensile stress. This stress is

necessary for the subsequent operation of the component.

Preliminary investigations revealed that the rings were

of high hardness (Rc 49-51 versus Rc 43-48 specified) and

had fractured in a brittle manner. The heat treatment speci-

fied a temper of 750F (399*C) which is within the known

temper embrittlement range for this alloy. SEM fractography

revealed the primary mode of fracture to be intergranular (Fig. 2).

This examination also revealed that the fracture likely

initiated at a stringer-type non-metallic inclusion which

intersected the metal surface. Accordingly, a metallo-

graphic inspection of a mounted specimen taken from'the ring

showed the microstructure to contain numerous stringers of

non-metallic inclusions as well as globules of a second phase

material (most likely carbide precipitates) in the grain

boundaries. Surprisingly though, these grain boundary pre-

cipitates were not observed on the fracture surface during

the scanning electron microscopy (SEM) examination.



Figure 1. Overall view of' split ring. Scgrnent
removed for analysis.

F i gure 2. SUM fractograph of' c rackc-l split rin.L
shiow ing Iiritcrpranul1ar mode ol' Cir; u rc.



Nevertheless, temper embrittlement was suspected, as

this phenomenon manifests itself as a loss of toughness in

a steel and a tendency to fracture along prior austenitic

grain boundaries1 . In some cases, this embrittlement is

viewed to be a manifestation (the result of a buildup) of

impurities (such as Sb, Sn, a, P or Se) along grain boundaries

as a result of the rejection of these elements from carbide

precipitates in the boundaries2 . These characteristics of

temper embrittlement (which parallel the previously mentioned

conditions found in the steel) coupled with the fact that

the components were tempered within a known embrittling range

for SAE 4140 steel strongly suggested that temper embrittle-

ment was indeed responsible for the failures.

An experiment was undertaken to fully assess the effects

of tempering on the mechanical properties of this material

and determine if the current thermal treatment was responsi-

ble for embrittling the steel. This work, accompanied by

metallographic and SEM fractography of the fracture surface

of test specimens established the susceptibility of SAE

4140 seamless tubing to embrittlement at various tempering

temperatures.

1. McMahon, C.J., "Temper Embrittlement of Steel", ASM, 1964,
p. 127

2. Rellick, J.R. and McMahon, J., "Intergranular Embrittlement
of Iron-Carbon Alloys by Impurities", METALLURGICAL
TRANSACTIONS, 1974, vol. S, p. 2449.
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PROCEDURE

A section of the 4140 seamless tubing was cut into disks

for tensile and Charpy impact (CVN) test coupons. These coupons

were divided into five sets, each to receive a different

tempering treatment. Each set was austenitized at 1550°F

(843°C) for 1-1/2 hours immediately followed by an oil quench.

The specimens were tempered for two hours as follows:

Group Tempering Temperature °F(°C) Quench Method

I 500 (260) Water
II 600 (316) Water
III 750 (399) Air
IV 750 (399) Water
V 800 (427) Water
VI 900 (482) Water
VII 1000 (538) Water

Group III was considered the control group in the experi-

ment as it approximates the reported heat treatment that the

rings receive in manufacturing.

Impact tests (according to ASTM spec. A370-72a) were con-

ducted over a temperature range from -1500F (-101°C) to

+212*F (100*C) to obtain the ductile to brittle fracture tran-

sition behavior for each tempered condition. The impact tough-

ness data were then plotted versus testing temperature for

each of the five heat treatments. These graphs allow a rea-

sonably accurate estimate of the transition temperature (T.T.),

where the steel exhibits a change in fracture mode from ductile
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to brittle. Ductile failure implies a mechanism where

considerable energy is absorbed while a brittle failure pro-

cess absorbs relatively little energy.

RESULTS AND DISCUSSION

The results of the mechanical property tests and chemical

analysis are summarized in Tables 1 and 2. As expected, the

transition temperature increased with decreasing tempering

temperature. In fact, the T.T. was above room temperature

for tempers of 800°F (4270C) and below. This is.very undesirable

and it is evident that the required hardness level in this

alloy will consistently result in a high T.T. As a consequence,

once a crack is initiated in this material, it meets very

little resistance in propagating through the component as long

as an applied stress is present. In this situation, the stress

is available from the kinking operation which plastically de-

forms the material and results in a high residual stress in

the piece. The tempers of 900OF (4820 C) and 1000OF (S38°C)

markedly improved the T.T. property but did not meet the re-

quired hardness specification of Rc 43-48. Also, the -400

Charpy impact properties for the 750OF (399 0C), 800*F (427 0 C)

tempering temperatures were poor (6-6.5 ft-lbs). Again,

the 900*F (4820C) and 1000*F (538*C) tempers improved this

but, as previously mentioned, did not meet the hardness speci-

fication given for the split ring components.
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An estimate of fracture toughness for the thermal treat-

ments was determined via a correlation of Barsom and Rolfe

from the "high energy" impact toughness data 3. As shown in

Table 1, the 750°F (399 0 C) and 800°F (427 0C) tempers produce

poor fracture toughness properties with systematic improve-

ments achieved by the 900°F (482 0 C) and 1000°F (538°C) tempers.

This indicates that the stress necessary to cause failure and/or

the defect size necessary to initiate a fracture is decreasing

with lower tempering temperature. As previously mentioned,

this steel contained numerous stringer type non-metallics

which can act in the manner of a crack or flaw. The overall

result is a material whose ability to resist crack initiation

and propagation is seriously impaired.

Metallographic examination revealed a martensitic micro-

structure in all five heats as shown in Figure 3. This ex-

amination also revealed the presence of a precipitate in the

grain boundaries (Figure 4). SEM examination complemented

the optical microscopy by revealing the nodular voids left

by chemically removing carbides from the austenitic grain

boundaries (Figure 5).

3. Barsom, J. M., and Rolfe, S. T., "Impact Testing of Metals,"
STP 466, 1970.
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I Figure 3. Microstructure for 100001: temper -[~U

Figure 4. G;ra in boundary precipitates - hIUU\
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Fractographic examination of broken CVN bars indicates

the increasing tendency towards "low energy" intergranular

failure as opposed to "low energy" cleavage failure as the

tempering temperature is lowered. The 1O00F (538 0 C) temper

displays quasi-cleavage as the principal mode of failure

(Figure 6). This mode, however, changes to a mixed mode of

intergranular and quasi-cleavage in the 750F (390°C) temper

(Figure 7). The high energy mode of failure for both tempers

was ductile fracture by microvoid coalescence (Figures 8-9).

It is important to note that the high hardness of the

split rings investigated was obviously not achieved using

the reported heat treatment the rings undergo. This was sub-

stantiated by conducting a series of heat treatments at lower

tempering temperatures. Table 3 reveals the actual tem-

pering temperature required to obtain Rc SO hardness (in this

steel) to be approximately SO0°F (200°C) as opposed to the

750OF (399°C) temper reportedly given the split rings. The

tempering response for 4140 steel is plotted in Figure 10.

The results of this investigation show 4140 steel tubing

to be embrittled by the current tempering practice of 750F

(399 0 C) air cool. Unfortunately, higher tempering temperatures

will not yield the desired hardness level in this steel.

Therefore, it is apparent that this particular lot of 4140
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Figure 6. SEM fractograph showing cleavage fail-
ure mode -1000'F temper -96OX.

Figure 7. SENI fractograph showing cleavage and
intcrgranular failuire modes - 750 0 1-
temper - 900X.
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TABLE 3. TEMPERING TEMPERATURE SUMMARY FOR 4140 STEEL

Tempering Temperature OF (0C) Hardness (Rc)

1000 (538) 36

900 (482) 40

800* (427) 44

750* (399) 46

650*1 (343) 47.5

600 (316) 49

500 (260) 50.5

400 (204) 53

300 (149) 55

As Quenched

*Tempers which meet hardness specification Rc 43-48
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tubing will not adequately meet all the requirements imposed

on the split ring. This is partially a consequence of material

cleanliness (numerous, large stringers) and heat treatment.

Since 4140 steel has been used successfully in this application

for previous split rings, it is likely that one or more of

the factors involved, viz., non-metallics, residual stress,

embrittling precipitates, etc., was not present in a critical

capacity previously. However, this is a probablistic situation

and obviously can be easily upset by subtle changes in the

variables.

CONCLUSIONS

1. SAE-4140 steel, tempered at 750°F and 800°F, exhibited

relatively high ductile to brittle transition temperatures

(720 F (220 C), 940 F (340 C) resp.) and low Charpy impact (-400F)

properties (6, 6.5 ft-lbs. resp.). The IO00F and 900OF

tempers improved both properties but failed to meet the split

ring hardness specification.

2. The estimated fracture toughness of this steel de-

creases with lower tempering temperatures and is seriously

degraded by the 750OF tempering treatment.

3. The microstructure was tempered martensite which con-

tained numerous non-metallic stringers as well as a network

15



of carbide precipitate in the austenitic grain boundaries.

4. In the presence of high residual stress, SAE 4140

should not be used in this case unless the hardness require-

ment can be lowered. Otherwise, a change of alloy should be

considered. Some potential candidates include; 4330 + V

(Vac Arc), "Hy-Tuf" (7-550 0 F), 18% Ni MARAGE (200 or 250

Grade).

4 16
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