
Temper Embrittlement and Creep Embrittlement of 
IV\ Cr-1 Mo Shielded Metal-Arc Weld Deposits 

Temper embrittlement and creep embrittlement in VU-\ Mo 
shielded metal-arc weld deposits can be minimized by controlling, 
to low levels, certain constituents in the weld deposits 

BY R O B E R T BR U S C A T O 

ABSTRACT. Shielded metal-arc weld de
posits of 2V4 Cr-1 Mo steel composition 
were tested for susceptibility to temper 
embrittlement and creep embrittlement. 

Research work during the past 10 
years has shown that temper embrittle
ment is chemistry dependent. This was 
confimed in this investigation; temper 
embrittlement of VA Cr-1 Mo steel 
weld deposits is directly related to the 
manganese, silicon, phosphorous, tin, an
timony and arsenic content of the weld 
deposit with manganese, silicon, phos
phorous and tin, being by far, the biggest 
contributors to temper embrittlement. 
Control of these four constituents will 
improve the notch toughness properties 
of 2!/4 Cr-1 Mo steel shielded metal-arc 
weld deposits to very excellent levels. 

Two 2V4 Cr-1 Mo weld deposits, one 
with a high concentration of temper 
embrittling impurities and the other with 
a low concentration of temper embrit
tling impurities, were compared by con
ducting creep rupture tests at 900 and 
1050° F. Time to rupture varied from 
approximately 30 to 2000 hr. At 900 and 
1050° F a weld deposit with a high 
concentration of temper embrittling im
purities (phosphorous, tin, antimony and 
arsenic) exhibits creep embrittlement as 
evidenced by a deterioration in ductility 
properties. A weld deposit with a low 
concentration of temper embrittling im
purities did not experience this deteriora
tion. The deterioration in ductility prop
erties of the weld deposit with a high 
level of temper embrittling impurities is 
particularly severe at 1050° F. 

Introduction 
Temper Embrittlement 

Temper embrittlement is a metal
lurgical phenomenon that has plagued 
industry for five decades. Temper em-
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brittlement has been defined' as brit-
tleness that results when certain alloy 
steels are held within, or cooled slowly 
through, a certain temperature range 
(usually 700 to 1100° F ) . The brit-
tleness is revealed by notched bar 
impact tests." It is evidenced by the 
shifting of the ductile to brittle transi
tion temperature toward higher tem
peratures. The literature records 
severe cases of temper embrittlement, 
some of which have increased the 
ductile to brittle transition tempera
ture more than 300° F. So far all 
evidence has been that temper embrit
tlement is a phenomenon which only 
occurs in alloy steels and only affects 
the notch toughness characteristics of 
the steel. 

The phenomena of temper embrit
tlement has been known for over 50 
years. Blacksmiths before the turn of 
this century realized that water 
quenching rather than slow cooling 
after tempering prevented brittleness in 
steel. This treatment was called 
"water annealing." Although temper 
embrittlement has been known for 
many decades, the first real under
standing of the problem resulted from 
the work of Steven, Balajiva, et al.2 in 
1959. They determined that temper 
embrittlement was peculiar to com
mercial alloy steels and that it only 
occurred if certain impurity elements 
were present in the steel. Temper 
embrittlement could not be induced 
by any type of thermal treatment in 
high purity alloy steels, while com
mercial alloy steels of the same base 
composition were severely embrittled 
after short exposure in the temper 
embrittling temperature range. They 
determined that trace quantities of 
antimony, phosphorous, tin and arsen
ic were necessary to induce temper 
embrittlement; in addition, larger 

quantities of silicon and manganese 
were also found to have an embrit
tling effect. These six elements were 
the only elements found to induce 
temper embrittlement. Later research 
work3- 4 has confirmed their results. 

The temper embrittlement phenom
ena has been summarized by Low et 
al.:5 

1. "The type of fracture changes 
from transcrystalline to inter-
crystalline as embrittlement 
proceeds. Furthermore, the frac
ture path follows the austenite 
grain boundaries, i.e., a partic
ular set of ferrite grain bounda
ries, implying that not all ferrits 
boundaries are equally embrit
tled. 

2. Embrittlement occurs in alloy 
steels when certain specific im
purities are present, but does 
not occur in the absence of 
these impurities. 

3. Embrittlement does not occur 
in plain carbon steels even 
when large amounts of embrit
tling impurity is present. 

4. The amount of embrittlement 
which may be caused by a spe
cific impurity depends on the 
specific alloying elements pres
ent. 

5. No second phase separation at 
the grain boundaries during 
embrittlement has ever been de
tected." 

Creep Embrittlement 

Creep embrittlement in steel 
manifests itself as a loss in ductility 
properties (usually measured by re
duction in area) that occurs under 
certain creep rupture conditions. 
Creep embrittlement seems to be de
pendent on temperature and stress as 
well as the condition of the steel, i.e., 

148-s I A P R I L 19 70 



hardness and microstructure. Thus 
higher strength or quenched and tem
pered alloy steels are more susceptible 
while lower strength or normalized 
steels appear to be less susceptible to 
the phenomena. 

Failure of creep embrittled materi
al occurs through the grain boundaries 
of the metal in a manner similar to 
failure in temper embrittled material. 
Depending on test temperature and 
creep rate, failure for most metals 
under creep rupture conditions chan
ges from a transcrystalline fracture 
mode in the unembrittled condition to 
an intercrystalline mode in the creep 
embrittled condition. Fracture ductili
ty characteristics (i.e., RIA) can ex
hibit large variations due to grain 
boundary behavior during creep rup
ture testing. Ductility values, which 
are at high levels in the unembrittled 
condition, can deteriorate to low 
levels in the creep embrittled condi
tion. 

VM Cr-1 Mo Steel 

Temper embrittlement and creep 
embrittlement must be taken into con
sideration for pressure vessels made 
of alloy steel which may operate in 
the temperature range known to pro
duce these types of embrittlement. 
Pressure vessels used in petroleum 
refining often operate in this tempera
ture range and due to severe service 
conditions must be made of alloy 
steels. In addition, such vessels may be 
exposed to embrittling conditions dur
ing their fabrication. Weld deposits, 
used in fabricating these vessels, have 
been found to be more susceptible 
than plate material to embrittlement 
both in degree and rate at which 
embrittlement may occur. Conse
quently the necessity for understand
ing and predicting long time, high 
temperature behavior, particularly in 
weldments, is of paramount impor
tance to permit proper design and 
maximum reliability. 

The most common material used in 
fabrication of petroleum pressure ves
sels is 214 Cr-1 Mo alloy steel in the 
normalized and tempered or quenched 
and tempered condition. The elec
trodes used for welding this material 
are the AWS-ASTM classification 
E9016-B3 or E9018-B3 electrodes. 
Chemistry requirements for these 
electrodes are specified by ASTM 
A316. 

With the operating requirements on 
2!4 Cr-1 Mo pressure vessels becom
ing more and more stringent, pressure 
vessel specifications require the weld 
deposits to meet certain impact re
quirements to ensure good notch 
toughness in the weld deposits. Typi
cal impact requirements are Charpy 
V-notch impact energy of 40 ft-lb at 

50° F. 
This investigation was undertaken 

to determine the temper embrittle
ment and creep embrittlement charac
teristics of shielded metal-arc 2V 4 

Cr-1 Mo weld deposits. Since for tem
per embrittlement, prior research has 
shown that the phenomena is chemis
try dependent (silicon, manganese, 
phosphorous, antimony, arsenic and 
tin), an aim of this investigation was 
to correlate chemistry of standard 
2V 4 Cr-1 Mo shielded metal-arc weld 
deposits with their temper embrittle
ment characteristics. Since it is ac
cepted that temper embrittlement 
affects the grain boundaries and since 
under appropriate creep rupture con
ditions failure can occur through the 
grain boundaries, weld deposits with 
both high and low levels of temper 
embrittling impurities were tested for 
creep embrittlement (creep rupture 
tests). 

Experimental Procedure 
Thirty shielded metal-arc welding 

electrodes (AWS-ASTM Classification 
E9015-B3L, E9016-B3, E9018-B3) 
were tested for susceptibility to tem
per embrittlement. Creep rupture 
properties of two of these electrodes 
were also determined. 

Temper Embrittlement 
The welding conditions were held as 

constant as possible throughout test
ing. All welds were deposited in mate
rial cut from the same normalized and 
tempered 1 in. thick ASTM A387, 
Gr. D steel plate. The weld joint 
cons i s t ed of a 45 deg inc luded 
angle with V 2 in. root gap and 
backing strip as shown in Fig. 1. All 
welding was done by the same welder 
in the fiat position using a stringer 
bead technique. The completed weld 
consisted of approximately 35 passes 
deposited at a welding current of 
180-200 amp. Preheat and interpass 
temperatures were maintained at 200 
to 300° F. Postweld heat treatment 
after welding was performed at 1275° 
F for 20 hr with furnace cool to 600° 
F. 

It is probable that highly susceptible 
weld deposits experienced some tem
per embrittlement during furnace cool
ing. Nontheless, furnace cooling was 
used, because it is required by the 
ASME Pressure Vessel Code and is 
typical of current production practice 
used in 2V4 Cr-1 Mo pressure vessel 
fabrication. Thus data from this inves
tigation would be directly relatable to 
current production practice. 

After postweld heat treatment, 1 
in. of material was discarded from 
each end of the welded plates. The 
plates were then sectioned in half so 
that impact properties of the weld 
deposits could be determined in the 
postweld heat-treated condition and 
the temper embrittled condition. The 
half of each welded plate to be temper 
embrittled was given a step age heat 
treatment3 to induce a high degree of 
temper embrittlement: 1100° F hold 
for 1 hr, furnace cool to 1000° F hold 
for 15 hr, furnace cool to 975° F hold 
for 24 hr, furnace cool to 925° F hold 
for 48 hr, furnace cool to 875° F hold 
for 72 hr, furnace cool to 725° F and 
remove from furnace. 

It is known that an alloy steel will 
achieve the highest degree of temper 
embrittlement when exposed at one 
particular temperature in the temper 
embrittling range. However, isother
mal exposure at some temperature 
other than this temperature might re
quire extremely long exposure times 
to produce temper embrittlement. The 
step age heat treatment will induce a 
degree temper embrittlement which 
approximates the degree of temper 
embrittlement caused by long isother
mal exposure at the most critical tem
perature with the advantage of requir
ing reasonably short furnace times 
(about a week or so) to generate the 
temper embrittlement. 

After completion of the various 
heat treatments Charpy V-notch im, 
pact specimens were cut from the 
welded plates. The impact specimens 
were cut from midway between the 
center and the top of the welded 
plate. Their longitudinal dimension 
was perpendicular to the welding di-
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NOTE: PLATE FLAME CUT & GROUND PRIOR TO WELDING 
Fig. 1—Weld joint configuration used throughout testing 
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Fig. 2—Creep rupture specimen 

rection with the notch perpendicular 
to the top surface of the plate and 
centered in the middle of the weld. 

Temper embrittlement of the weld 
deposits was measured by determining 
the Charpy V-notch impact energy at 
50° F after a step age, temper embrit
tling heat treatment. Temper embrit
tlement is usually measured by the 
shift in the transition curve, and for 
some of the welds tested this was 
done. However, a limited amount of 
material prevented testing in this man
ner in all cases. Since specification 
requirements generally require a mini
mum impact energy at 50° F, most of 
the impact testing was designed to 
establish the impact properties at 50° 
F. For 2 1 / 4 Cr-1 Mo steel which is 
designed for elevated temperature serv
ice, maintaining good notch tough
ness properties at 50° F is a rather 
stringent requirement, particularly for 
weldments. 

Chemical analysis determinations 
were made on broken impact speci

mens with the analyses being deter
mined on the weld metal adjacent to 
the notch. To correlate chemistry to 
temper embrittlement, very accurate 
determinations are necessary. In addi
tion, if chemistry is to be useful in 
predicting the temper embrittlement 
characteristics of production welds, 
chemistry procedures must be straight
forward for easy use. Consequently, 
except for antimony and arsenic, 
standard chemistry procedures were 
used with wet analysis techniques, 
rather than spectrographic procedures, 
being preferred because of their in
herent accuracy. Chemistry was deter
mined by the following procedures: 

1. Manganese—per ASTM E 
30-68. Ammonium persulphate meth
od, sodium arsenite titration. 

2. Silicon—per ASTM E 30-68. 
Perchloric acid method. 

3. Phosphorous—per ASTM E 
30-68. Molybdate magnesia method. 

4. Tin—by spectrograph NBS 1161-
1168 standards. 
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Fig. 3—Data of Low-"' as plotted by McMahon,; showing temper embrittling 
effect of impurity elements in different alloy steels. A f) is the change in 
the 50% shear Fracture Appearance Transition Temperature 

5. Antimony—Rhodamine B, spec-
trophotometric method. 

6. Arsenic—Distillation titrametric, 
iodine titration. 

Initial analyses of manganese and 
silicon were performed by spectro
graphic techniques, and these results 
were checked by wet analysis tech
niques. Large variations between some 
of the spectrographic determinations 
and wet determinations were found. 
Therefore, all chemistry analyses were 
performed by the more accurate wet 
methods throughout this investigation. 

Creep Embrittlement 

Two weld deposits were tested in 
creep rupture; one deposit contained a 
relatively low level of temper embrit
tling impurity elements, and the other 
deposit contained a very high concen
tration of these impurities. The welds 
were deposited in an identical manner 
to the temper embrittlement proced
ures. The deposits were tested in two 
heat-treated conditions: 

1. Quenched in water from the 20 
hr postweld heat treatment at 1275° 
F to prevent any temper embrittle
ment during cooling. These samples 
were labeled "Q". 

2. Furnace cool to 600° F from the 
20 hr postweld heat treatment at 
1275° F. Step age to induce a high 
degree of temper embrittlement. 
These samples were labeled "S". 

Creep embrittled material fails 
through the grain boundaries of the 
material. Since temper embrittlement 
also affects the grain boundaries, it 
was necessary to eliminate any temper 
embrittlement in the material before 
creep rupture testing in order to study 
creep embrittlement alone. Quenching 
from the 1275° F postweld heat treat 
temperature (condition 1 above) pre
vented any temper embrittlement dur
ing cooling from post weld heat treat
ment. 

To determine if temper embrittle
ment has an effect on creep embrittle
ment, both deposits were also tested in 
the highly temper embrittled condition 
(condition 2 above). Furnace cooling 
from postweld heat treatment fol
lowed by a step age will induce a high 
degree of temper embrittlement in 
material susceptible to temper embrit
tlement. 

After completion of the various 
heat treatments, creep rupture sepci-
mens, as shown in Fig. 2, were ma
chined longitudinally from the weld so 
that the specimens were located com
pletely in the weld metal. Creep rup
ture tests were conducted at 900 and 
1050° F. Stress levels were selected to 
produce failure at times most likely to 
show some effect from creep embrit
tlement. 
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Results and Discussion 
Temper Embrittlement 

In order to correlate chemistry to 
temper embrittlement, it is necessary 
to "weigh" the embrittling effect of 
the various temper embrittling impuri
ty elements. These residual embrittling 
elements exhibit different potency in 
different alloy steel systems. For ex
ample, Ni-Cr steel is severely embrit
tled by antimony, while for Cr steel 
phosphorous embrittles more than an
timony and the overall embrittlement 
is appreciably less than in Ni-Cr steel. 

McMahon8 has plotted data by 
Low5 to show the effect of embrittling 
impurity elements in different alloy 
steels—Fig. 3. This shows the change 
in transition temperature, Ad, for 
approximately equal amounts of the 
various temper embrittling impurities 
added to an otherwise high purity 
alloy steel. The transition tempera
ture, A0, is defined as the Fracture 
Appearance Transition Temperature 
for 50% shear measured on Charpy 
V-notch specimens. One of the steels 
measured was a Cr steel (nominal 
composition 1.7% Cr-0.4% C) . For 
this steel approximately equal amounts 

of phosphorous, antimony, tin, and 
arsenic increase the 50% shear Frac
ture Appearance Transition Tempera
ture about 100, 50, 40 and 10c C re
spectively. 

For 2V4 Cr-1 Mo steel it can be 
expected that the relative potency of 
the temper embrittling impurity ele
ments to cause temper embrittlement 
will approximate their relative poten
cy in the Cr steel.7 The addition of 
molybdenum will tend to inhibit tem
per embrittlement in 2V4 Cr-1 Mo 
steel in comparison with the Cr steel. 
However, the relationship between the 
relative contributions to temper em
brittlement by the temper embrittling 
impurities should remain approx
imately the same as in the Cr steel. 

Hence, based on the data for Cr 
steel, it is possible to define a parame
ter for 2V 4 Cr-1 Mo steel which will 
measure the relative potency toward 
temper embrittlement by the four 
temper embrittling impurity elements: 

X = Embrittlement Factor = 
10P + 5 Sb + 4 Sn + As 

Table 1—Chemistry and Impact Properties of 2>/4 Cr-1 Mo Shielded Metal-Arc Weld 
Deposits 

Mn, Si, 
Code % 

A 
B 
C 
D 
E 
F 
H 
I 
J 
G 
K 
L 
M 
Q 
BA 
T 
U 
V 
w 
X 
Y 
z 
AA 
AC 
AD 
AE 
AF 
AG 
BB 
BC 

Base 
metal 

.76 .63 

.68 .56 

.70 .42 

.72 .54 

.66 .64 

.54 .50 

.59 .50 

.69 .68 

.63 .33 

.72 .65 

.79 .78 

.67 .40 

.58 .58 

.78 .58 

.70 .50 

.68 .64 

.63 .32 

.70 .62 

.64 .70 

.66 .64 

.69 .61 

.67 .65 

.66 .60 

.73 .60 

.73 .98 

.78 .90 

.70 .68 

.70 .58 

.78 1.08 

.76 1.19 

.45 .23 

Mn 
+ Si, 

% 
1.39 
1.24 
1.12 
1.26 
1.30 
1.04 
1.09 
1.37 

.96 
1.37 
1.57 
1.07 
1.16 
1.36 
1.20 
1.32 

.95 
1.32 
1.34 
1.30 
1.30 
1.32 
1.26 
1.33 
1.71 
1.68 
1.38 
1.28 
1.86 
1.95 

P, 
Ppm 

110 
180 
160 
150 
120 
150 
70 
90 
80 
80 
80 
80 
80 
80 
40 
90 

140 
100 
90 
80 
70 
80 
95 
80 
80 
60 
70 
60 
60 
40 

65 

Sn, 
ppm 

70 
100 
300 

90 
80 
90 
90 
90 
80 
90 

110 
110 
110 
120 
90 

130 
130 
110 
110 
100 
100 
110 
100 
110 
120 
110 
110 
no 
100 
90 

Sb, 
PPm 

4 
7 

22 
9 
5 
6 
4 
5 
5 
9 

0.9 
3.5 
2.9 
1.6 
4.1 
5.2 
6.7 
6.2 
5.1 
4.3 
5.4 
5.6 
2.4 
5.3 
5.9 
1.5 
5.8 
2.6 
2.8 
2.5 

150 27.7 

As, 
PPm 

90 
60 

130 
70 
80 
90 
90 
90 
70 
80 
74 
19 
70 
36 
0 

42 
20 
83 
44 
69 
49 
31 
23 
51 
57 
74 
72 
54 
42 
33 

284 

X = 
10P + 5Sb 

+ 4Sn + As 
100 

14.9 
22.95 
30.40 
19.75 
16.25 
19.80 
11.70 
13.75 
12.15 
12.85 
13.19 
12.77 
13.25 
13.24 

7.81 
14.88 
19.74 
15.54 
14.10 
12.91 
11.76 
12.99 
13.85 
13.18 
13.67 
11.20 
12.41 
11.07 
10.56 
8.06 

16.73 

Charpy V-notch 
impact energy" 

—at 50° F, ft-lb—. 
After After 

PWHT step-age 

33 
12 
45 
65 
40 
40 

102 
50 

110 
75 
43 
84 
67 
69 

122 
55 
89 
51 
74 
85 
66 

100 
76 
75 
38 
68 
75 

103 
83 

160 

18 
5 

20 
25 
35 
30 
83 
42 
92 
42 
23 
48 
44 
45 

101 
37 
54 
24 
35 
42 
39 
53 
47 
48 
23 
51 
47 
76 
53 
55 

113 

Data for the thirty weld deposits 
tested are tabulated in Table 1. The 
amounts of embritt l ing elements are 
listed as well as Charpy V-notch im
pact values before and after a temper 
embrittling, step age heat treatment. 
Chromium, carbon and molybdenum 
contents were analyzed to determine 
if the welding electrodes met nominal 
2 V 4 Cr-1 Mo chemistry requirements 
—Table 2. 

Correlation between chemistry and 
temper embrit t lement was demon
strated by plotting the Mn + Si con
tent of the weld deposit against X. At 
each chemistry point, the Charpy V-
notch impact energy of the step aged, 
temper embrittled weld deposit was 
noted. Points of approximately equal 
impact energies were divided into sep
arate regions as shown in Fig. 4. 

It is apparent from Fig. 4 that 
lowering the temper embritt l ing im
purity element content of the weld 
deposit will increase its resistance to 
temper embrit t lement. Fo r the elec
trodes tested, phosphorous and tin 
constituted over 9 0 % of the Embri t
tlement Fac tor X; therefore, control 
of the temper embritt l ing tendency of 
2 V 4 Cr-1 M o steel weld deposits due 
to the temper embrittl ing imDurity 
elements can be effectively achieved 
by control of the phosphorous and tin 
content of the weld deposit. 

Table 2—Supplemental Chemistry of 
Shielded Metal-Arc Weld Deposits, % 

a Average of at least 3 tests. 

Code 

A 
B 
C 
D 
E 
F 
H 
I 
J 
G 
K 
L 
M 
Q 
BA 
T 
U 
V 
w 
X 
Y 
z 
AA 
AC 
AD 
AE 
AF 
AG 
BB 
BC 

Base 
metal: 

0.049 
0.074 
0.063 
0.071 
0.085 
0.128 
0.05 
0.05 
0.05 
0.05 
0.052 
0.044 
0.045 
0.05 
0.042 

C.05-0.08 
C.05-0.08 
C.05-0.08 
0.05-0.08 
0.05-0.08 
C.05-0.08 
0.05-0.08 
0.05-0.08 
0.05-0.08 
0.05-0.08 
0.05-0.08 
0.05-0.08 
0.05-0.08 

0.044 
0.050 

0.090 

Cr 

2.35 
2.31 
2.35 
2.36 
2.28 
2.39 

1.84-1.90 
2.43 
2.59 
2.27 
2.20 
2.25 
2.14 
2.25 

03 
13 
18 
16 
06 
19 
10 
16 
13 
13 

2.07 
2.06 
2.12 
2.02 
2.06 
1.96 

2.15 

Mo 

1.15 
1.15 
1.01 
0.90 
1.05 
0.91 
0.98 
1.11 
0.88 
0.98 
1.03 
1.05 
1.03 
1.05 
1.08 
1.18 
1.21 
1.21 
1.18 
1.18 
1.18 
1.27 
1.18 
1.18 
1.18 
1.14 
1.18 
1.10 
1.14 
0.97 

1.03 
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Figure 4 also shows that the Mn + 
Si content of the weld deposit influ
ences the degree to which the embrit
tling impurities can cause temper em
brittlement. Welds with high man
ganese and silicon may be temper 
embrittled by lesser amounts of the 
temper embrittling impurities. More 
importantly, welds with low man
ganese and silicon can tolerate greater 
quantities of embrittling impurity ele
ments without developing severe tem
per embrittlement. 

A reduction of manganese and sili
con to very low levels in an attempt to 
increase the resistance to temper em
brittlement must be balanced against 
the beneficial effects provided by man
ganese and silicon in the welding proc
ess. Manganese and silicon enhance 
weldability in the shielded metal-arc 
welding process. Without good weld
ability, any welding electrode is limited 
for production use. Furthermore, 
manganese and silicon serve as deox-
idizers for the molten weld puddle: 
deoxidation of the puddle is necessary 
to maintain other properties, such as 
notch toughness, in the weld deposit. 

Attempts were made to decrease 
the manganese and silicon content of 
the weld deposit to low levels, but 
these attempts were unsuccessful. Be
low about 0.5% manganese, weld de
posit notch toughness properties de
teriorate to a very low level. In fact, 
these low Mn + Si deposits could not 
meet notch toughness requirements in 
the postweld heat treated condition, 
much less the temper embrittled con
dition. It appears that a minimum 
manganese content in the weld deposit 
is necessary to maintain good notch 
toughness properties even without 
considering temper embrittlement. 

The effect on temper embrittlement 
by the interaction between man
ganese, silicon and the temper embrit
tling impurities (as measured by the 
Embrittlement Factor X can be illus
trated with several examples: 

1. Although the base metal is not 
particularly free of temper embrittling 
impurities, its low Mn + Si content 
still allows high impact properties af
ter a temper embrittling step age heat 
treatment. This is shown in Fig. 4. 

2. Three special electrodes were 
tested. These electrodes were fabri
cated with vacuum melted, low car
bon steel core wire. These electrodes 
provided the "cleanest" weld deposits 
tested (as measured by X). The de
posits are samples BA, BB, and BC 
and chemical analyses are listed in 
Table 1. Sample BA with a moderate 
Mn + Si content exhibited excellent 
impact properties in the temper em
brittled condition. Samples BB and 

BC with very high Mn + Si exhibited 
much lower impact properties in this 
condition. 

3. The other weld deposits were 
deposited with standard 2>/4 Cr-1 
Mo welding electrodes. These elec
trodes were fabricated with low carbon 
rimmed steel core wire and are rep
resentative of standard 2V4 Cr-1 Mo 
welding electrodes. It is to be noted 
that three deposits exhibited impact 
properties between 70 and 100 ft-lb. 
These three deposits had about the 
lowest level of temper embrittling im
purity elements (as measured by X of 
all the non-vacuum melted core wire 
electrodes tested; they also contained 

moderate Mn + Si contents. 
Hence, to guarantee good resistance 

to temper embrittlement, it is neces
sary to control the Mn + Si content 
and the Embrittlement Factor X 
(particularly phosphorous and tin) in 
2V4 Cr-1 Mo weld deposits. 

For the 30 weld deposits tested, 
some degree of temper embrittlement 
was found in each deposit, but no 
extreme cases were found. For the 
weld deposits on which a complete 
transition curve was determined (a 
typical curve is shown in Fig. 5) it is 
possible to summarize the most ex
treme cases of temper embrittlement 
found: 

Table 3-

Code 

C 
H» 

-Chemistry of 21 / , Cr—1 Mo 

/o 
Cr Mo C 

2.35 1.01 0.063 
1.84-1.90 0.98 0.050 

Weld Deposits Used for 

Mn 

0.70 
0.59 

Si P 

0.42 160 
0.50 70 

Creep Rupture Tests 

ppm 

Sb As Sn X 
22 130 300 30.4 
4 90 90 11.7 

"The " H " deposit is below the nominal low l imit for chrome as specified in ASTM A316. 
However, requirements for weld deposits normally are that the chemical range of the ma
terial being welded be met in the weld deposit. The check analysis for 2>/< Cr—1 Mo plate 
and forgings is 1.88 to 2.62% Cr Therefore, the " H " weld deposit is considered acceptable 
for creep rupture tests. 

Table 4—Creep Rupture Properties of 2 1 / , 

Sample 

CQ1» 
CQ2 
CQ3 
CQ4 
CQ5 
CQ6 
CQ7 
CS1 
CS2 
CS3 
CS4 
CS5 
CS6 
CS7 
HQ1 
HQ2 
HQ3 
HQ4 
HQ5 
HQ6 
HQ7 
HS1 
HS2 
HS3 
HS4 
HS5 
HS6 
HS7 
CQ8 
CQ9 
CS8 
CS9 
HQ8 
HC9 
HS8 
HS9 

Test 
tempera tu re , 

°F 

900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 

1050 
1050 
1050 
1050 
1050 
1050 
1050 
1050 

Stress, 
ksi 

69.9 
54.0 
50.0 
48.0 
45.0 
44.0 
42.5 
61.2 
43.0 
45.0 
38.5 
40.0 
37.0 
36.0 
68.9 
54.0 
50.0 
41.0 
44.0 
40.0 
38.0 
61.0 
43.0 
43.0 
35.0 
38.0 
35.2>> 
31.01' 
29.0 
20.0 
25.0 
16.0 
24.0 
18.5 
21.0 
16.5 

Cr—1 Mo Weld Deposits 

Time to 
rup tu re , hr 

'A 
48.1 

111.7 
185.9 
474.2 
619.5 

1043.7 

'A 
166.2 
64.0 

485.0 
300.6 
648.8 
880.4 

' / • J 

32.4 
99.4 

498.3 
301.2 
687.6 

1033.6 

'A 
84.0 
99.2 

965.0 
251.2 

1557.2 
1557.2 
156.7 

1185.1 
59.2 

1578.8 
246.4 

2019.1 
322.4 

1905.3 

Elongation 
in 1 i n . 

20.8 
22.2 
25.4 
33.8 
26.5 
21.2 
23.7 
23.9 
29.9 
26.5 
29.7 
30.2 
38.0 
27.3 
22.9 
25.6 
25.3 
23.7 
25.8 
30.2 
33.7 
23.0 
32.7 
25.3 
30.9 
38.9 
25.5 
29.1 
14.1 
7.0 

34.3 
14.9 
25.7 
24.0 
37.2 
37.1 

Reduct ion 
in area, % 

63.1 
68.6 
71.5 
73.5 
67.1 
66.8 
61.2 
66.3 
67.4 
71.9 
72.6 
75.5 
74.2 
71.9 
72.9 
74.1 
74.5 
72.6 
77.9 
80.4 
81.9 
74.6 
78.1 
74.6 
79.0 
81.8 
71.9 
73.4 
29.7 
7.9 

66.1 
20.3 
74.9 
75.1 
84.7 
75.6 

8 " C O " and " H O " specimens water quenched from PWHT of 1275° F—20 hr. 
" H S " specimens step aged after PWHT of 1275° F—20 hr and furnace cool. 

b Specimens uploaded from this stress at t ime indicated to produce fai lure. 

•CS" and 
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1. Highest temperature for CVN 
energy of 40 ft-lb: 160—170° F. 

2. Maximum shift in transition tem
perature at CVN energy of 40 ft-lb: 
120° F. 

It should be emphasized that the 
notch toughness properties of the weld 
deposit experienced only a shift to 
higher temperatures when temper em
brittled. No deterioration of the in
trinsic impact energy levels of the 
weld deposits was found, only a shift 
of these properties to somewhat high
er temperatures. Thus, at tempera
tures slightly above room temperature 
the notch toughness properties of even 
the most severely temper embrittled 
weld deposits retain their good notch 
toughness characteristics and are 
unaffected by temper embrittlement. 
Figure 5 is a good illustration of this 
behavior. 

Since the operating conditions of 
pressure vessels made of 21/A Cr-1 
Mo steel are in the 700 to 900° F 

temperature range, temper embrittled 
weld deposits will perform satisfactor
ily at operating temperatures. The 
only concern would be during shut
down and start-up periods. During 
such periods brittle behaviour of tem
per embrittled material can be 
avoided by the simple expedient of 
heating the pressure vessel to above 
say about 200° F before applying 
pressure to the vessel. 

Creep Embrittlement 

Two weld deposits were tested in 
creep rupture at 900 and 1050° F. 
The chemical analyses of the weld 
deposits are summarized in Table 3. 
The two electrodes were selected for 
their wide difference in temper em
brittling impurity elements. The "C" 
deposit has a very high level of temper 
embrittling impurities and the "H" 
deposit has a low level of temper 
embrittling impurities. 

The creep rupture properties of the 
two weld deposits are tabulated in 

Table 4. Figure 6 is a plot of the 
creep rupture strength of the two weld 
deposits in the two heat treated condi
tions. The temper embrittled, step 
aged condition ("CS" and "HS" de
posits) exhibits somewhat lower 
strength than the non-temper embrit
t led c o n d i t i o n w h i c h was only 
quenched from the 1275° F postweld 
heat treating temperature ("CQ" and 
"HQ" deposits). Creep rupture 
strength is typical for 2V4 Cr-1 Mo 
steel. 

Creep ductility, as measured by the 
reduction in area at creep rupture, has 
been plotted in Fig. 7 for 900° F 
creep rupture and Fig. 8 for 1050° F 
creep rupture. 

At 900° F there appears to be 
different behavior between the two 
deposits out to approximately 1000 hr 
rupture life. The ductility of the weld 
deposit containing a high level of tem
per embrittling impurities ("CQ" and 
"CS" deposits) has gone through a 
maximum and is beginning to deterio-

Fig. 6—Creep rupture strength 
for two weld deposits 
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rate although the ductility is still con
sistently high and above 60% RIA. 
The weld deposit containing a low 
level of temper embrittling impurities 
("HQ" and "HS" deposits) does not 
exhibit a deterioration in ductility. 

At 1050° F the ductility at creep 
rupture for the weld deposit contain
ing a high level of temper embrittling 
impurities ("CQ" and "CS" deposits) 
has deteriorated to quite low levels at 
short creep rupture times of a few 
hundred hours. The weld deposit with 
the low level of temper embrittling 
impurities ("HQ" and "HS" deposits) 
does not exhibit this deterioration in 
ductility in creep rupture testing out 
to 2000 hr. 

As shown in Figs. 7 and 8, the weld 
deposit with a high level of temper 
embrittling impurities which was heat 
treated to induce a high degree of 
temper embrittlement in the deposit 
prior to creep rupture testing ("CS" 
deposit), does not creep embrittle as 
rapidly as its counterpart which was 
heat treated to prevent any temper 
embrittlement in the deposit prior to 
creep rupture testing ("CQ" deposit). 
The temper embrittlement mechanism 
appears to retard the creep embrittle
ment mechanism. Research is continu
ing in an effort to provide a more 
definitive understanding of the rela
tionship between temper embrittle
ment and creep embrittlement. 

These preliminary tests indicate 
that a 2V 4 Cr-1 Mo weld deposit 
that is resistant to temper embrittle
ment (a deposit low in phosphorous, 
tin, antimony and arsenic) also is 
resistant to creep embrittlement: con
versely, a 2 1 / 4 Cr-1 Mo weld deposit 
that exhibits a high degree of temper 
embrittlement (a deposit high in phos
phorous, tin, antimony and arsenic) 
also exhibits a high degree of creep 
embrittlement. These results imply 
that temper embrittlement and creep 
embrittlement in 2V4 Cr-1 Mo shielded 
metal arc weldments have the same 
underlying cause—impurity constitu
ents in the weld metal. 

To investigate the phenomena of 
creep embrittlement in the laboratory 
requires high stress levels for testing 
to cause relatively short time failure. 
Production weldments are not de
signed to fail; weldments in pressure 
vessels operate at much lower stress 
levels than those used in these creep 
rupture tests. Furthermore, pressure 
vessels containing 2 1 / 4 Cr-1 Mo 
weldments have been in high tempera
ture service for decades. No failure of 

those weldments attributable to creep 
embrittlement has been found. There
fore, creep embrittlement at 2V4 Cr-
1 Mo weldments does not seem to be 
of any significance. 

It is worth noting that 2V4 Cr-1 
Mo steel has been exemplary in high 
temperature service. The reliability of 
this material is unquestioned. Based 
on its history of excellent service for 
many, many years, 2V4 Cr-1 Mo 
alloy steel will provide satisfactory 
service for many more years to come. 

Conclusions 
1. Temper embrittlement in step 

aged 2V4 Cr-1 Mo steel shielded 
metal-arc deposits, while occurring to 
some degree in every weld deposit 
tested, does not appear to reach the 
high degree found in some alloy 
steels. From complete transition curves 
which were developed for some of 
the 30 weld deposits tested, the most 
extreme cases of temper embrittle
ment found in these deposits can be 
summarized: 

(a) Maximum temperature for 
Charpy V-notch energy of 40 
ft-lb: 160 to 170° F. 

(b) Maximum change in transition 
temperature at Charpy V-
notch energy of 40 ft-lb: 
120° F. 

Temper embrittlement resulted in a 
shift of the Charpy V-notch impact 
energy transition curve to a slightly 
higher temperature. Above about 
200° F no deterioration in the excel
lent notch toughness characteristics of 
2V4 Cr-1 Mo weldments was found. 

2. Tests on the thirty 2V 4 Cr-1 Mo 
weld deposits tested indicate that the 
degree of temper embrittlement found 
in these deposits is due to the presence 
of the following elements in the weld 
deposit: 

(a) Manganese. 
(b) Silicon. 
(c) Phosphorous. 
(d) Tin. 
(e) Antimony. 
(f) Arsenic. 
3. The interaction of these six con

tributory elements in 2V4 Cr-1 Mo 
weld deposits is such that four of the 
culprit elements accounted for over 
90% of the step aged, temoer embrit
tlement found in the weld deposits 
tested. These elements are manganese, 
silicon, phosphorous, and tin. General
ly, to minimize temper embrittlement 
in 2V4 Cr-1 Mo shielded metal-arc 
weld deposits, it is necessary to: 

(a) Reduce the phosphorous and 

tin content to the lowest pos
sible levels, 

(b) Reduce the manganese and sili
con content to the lowest 
possible levels consistent with 
"good weldability." It should 
be noted that a minimum 
quantity of manganese 
(about .05%) in the weld 
deposit appears necessary in 
2V4 Cr-1 Mo weld metal. 
Below this level, notch tough
ness properties are unaccept
able in the as-welded and 
postweld heat treated condi
tion. 

4. For the two 2V 4 Cr-1 Mo weld 
deposits tested in creep rupture at 
900, and 1050° F, a weld deposit 
containing a very high level of temper 
embrittling impurity elements (P, Sn, 
Sb and As) exhibited creep embrittle
ment (as evidenced by a deterioration 
in creep rupture ductility) while a 
weld deposit with a low level of these 
impurities did not exhibit any signifi
cant creep embrittlement. This differ
ence in behavior was particularly pro
nounced at 1050° F. 

5. These results indicate that tem
per embrittlement and creep embrit
tlement in 2V4 Cr-1 Mo shielded 
metal-arc weld deposits may have the 
same underlying cause—that is. im
purity constituents in the weld metal. 
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