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Fig 5 Temperature gradients and other factors af-
8 fecting the edgewise quenching of a gear in a
quiescent volatile liquid. A, flow of heat from hol core
of gear. Temperature and flow rate vary with time; B,
vapor blanket stage still exists due to large source of
heat and poor agitation; C, trapped vapor bubbles
condensing slowly; D, vapor bubbles escaping and
condensing
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Fig 7 Wetling kinetics data obtained by wsing a multiple thermocouple probe. 7, center thermocouple
B¢ placement; 7., Fopyand Tg,, outside thermocouple placement
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Wetting time and surface hardness of quenched 1045 steel as a function of the distance from the end of

Flg 8 the specimen. Source: Ref 11
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Table 1 Approximate Grossmann
quenching severity factor of various media
in the pearlite temperature range

Grossmann guench severity Tactor, H

Clreulation S
ur mgitation EBrine{a) Water{a)  Oil(n) and sall Air{b)
MNone 2 0.9-1.0 0.25-40.30 .02
Mild 2-2.2 1011 030055 :
Moderale ‘ 1.2-1.13 0.35-0.40

Good $es 1.4-1.5 0.4-0.5

Strong . 1.6=2.0 0.5-0.8

Violent 5 4 0811

(a} Rel 3. (b) Ref 14. Source: Ref 15
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Fig 8 Wetting time and surface hardness of quenched 1045 steel as a function of the distance from the end of
189 e specimen. Source: Ref 11
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1140
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Cooling rate, “Fis
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100 ' T
Hwvalue [
80 —5p
a0
L V] §
¥
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[
> 50
E 40
=]
o 30
20
1]
1]
127 254 K 51 63 76
Test probe diameter, mm
Fig 9 Calculation of the Grossmann constant, &,
187 from cooling rate data at a temperature of 705
“C {1300 °F)

Table 3 Grossmann numbers and film coefficients for selected quenchants

Duenchani

Quenchant

temperature velocity {m‘ Effective film coefficient

Quenchant = F m's fmin = hiZk) Wim® - K Biwft® - h - °F
Water 32 90 0.4 0 1.1 SO0 BED
0.25 50 2.1 SO0} 1608
.51 L1 2.9 1 2000 2100
0.76 150 28 12000 2100
55 1346 (.00 0 0.2 1(WH) 180
0.25 S0 L6 2500 440
051 100 1.5 65K 1110
0.76 150 2.4 10500 1850
Fast ol 6l 140 .00 ] 0.5 20040 350
0.25 S0 1.0 4500 T4
0.51 LY 1.1 SO0 HED
0.76 150 1.5 6300 124K)
25% polyvinyl 43 110 0,00 0 0.8 3500 620
pyrrolidone 0,25 50 1.3 W} [RLLY
0.51 10} 1.5 6500 1200
0,76 150 |.B T500 1300
Conventional oil 63 150 0.51 100 0.7 3000 530
Martempering oil 50 30 0.51 100 1.2 5] RE(
Air 27 i (.0 0 .05 204} 35
2.54 50K} .06 250 44
5.08 1 (D 0.08 350 62

Source: Ref |2
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als el 2531y el b 5 ()13 &S5 ezl dont y35 0 e 5 S50 phke o b 5 S e 5 o
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slgin AL LT 5 A8, Lulis s E55S5 D s 51 1, i) Ses 0LKas 5 Tensi :zisss waub
S oL ankss mhaw )3 ol WS s el pi g (55 OLSen S (S8 o Bg5 bl 03 S
DL Ve IS 3 g e (2035200 MM Jsb s 550 MMLS L s K S e 4 e 1 Gl OL3LS
Sgh ga el

Gland nut made of the same
staal as the body of the probe

Both ends of thermocoupls
wires flat rolled to 0.0256 mm (0.0088 in.1~__

Mica isclation films of
0,005 men (0.0002 in. ) thickness

Two pieces wadge-pressed in place

{a}

Né} .(_f“jrn
. j e
B0 mm {Zin.|
ol e
. !D.l:ﬁsljn.l I.: l i: * ™
1 i |
a5° T
100 mm {4, |~ —=-|
e e 200 v (B i)
k)

. Schematic of a LtCic-NANMAC probe that
Fig 10 v faste "
incorporates fast-response  thermocouples
fo provide transient thermal measurements of metal
surface temperatures, (@l Probe construction. (k)
Probe installed in a test specimen
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Surface temperature of probe (T ), "C

f Heat transter characteristics of wnagi-
Flg 11{3'} tated lap water at 20 "0 (70 °F). fnﬁl:
Recorded cooling curves for the very surface of the
|'|rnhr. T, and for the point 1.5 mim P0.05% in below
the surface T, 4, during quenching in plain water at
20 € (70 F) wathouwt agiation. Middle: Relevant heat
flux versus surface temperature curve. Bobtom: Heal
flux wersws surface temperalure curne

(Eq.4)
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Surface temperature of probe {T), °C

. Heat transfer characteristics of unag-
Fig 11(b) 11eg mineral oil at 20 °C (70 F). Top:
Recorded cooling curves for the very surface of the
pmbr, 7. and tor the poant 1.5 mm 10.05% in.) below
the surface 7_, ., during quenching in mineral oil at 2
“C {70 Fywathout agitation. Middle: Relevant heat flux
versus suFlace temperature curve, Bottom: Heat flux
versus surface temperature curve
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E.=A - (D - exp B))/(H - exp B;) (Eq 5)
55,5e 5Dl £5 ol C 5 AB 5 timas nsm o L LSS Jool b 5 blue bl Ejedge 5 ool 5o
LBl gr el 8 88 Ss, SBH
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Eq=Dexp 0.71845.11 - Hexp 1.28)  (Egq6)
Eyyn = D exp 1L.05/(8.62 + Hexp 0.668) (Eq7)
Ejng =D exp 1.16/(9.45 - Hexp0.51)  (Eq8)
Frue=Dexp L4077 - Hexp 0.44) iEg %)
E-=Dexp |.18/(8.29 - Hexp0.44)  (Eq 10)
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Fig 12 Procedure for predicting hardness distribution in a steel bar using a Jominy hardenability curve. (a) Cross section of a 50 mm (2 in.) diameter end quench test
] specimen. (b} Determination of Grossmann quench intensity factor. (c) Determination of equivalent Jominy distance and actual bar diameter

slales 5338 MM ki 5 o Sl eslizal b 8 &5 55 5 308 o oomie ST 0l sbes 20 i0ls slos 3l
0.25M/5 015 55 T oy 3 o atolin gl ¥ IS5 s o oks o (27,32,60,71 C) ST 0l Calsses
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Table 4 Effects of quenchant temperature on cooling rates and predicted hardness in
38.1 mm (1.5 in.) diameter 4130 low-alloy steel bars quenched in water (velocity at 0.25
m/s, or 50 ft/min) from 845 °C (1550 °F)

Bath Cooling rate at
temperature 705 °C (1300 °F) M5 °C (650 °F) 205 °C (400 °F) Film coefficient
T F s B “Cis *Fls Tk s Wim'-K  Bui-h °F
27 80 326 58.6 14.6 26,2 7.3 13.2 9382.9 1652.5
32 90 323 58.1 14.6 26.3 7.2 13.0 9024.6 1589.4
B 100 31.0 55.8 14.3 5.8 7.0 12.5 7645.4 1346.5
49 120 24.3 437 14.4 25.9 6.8 12.2 3504 517.1
60 140 9.3 16.8 14.3 25.7 6.3 1.3 754.0 132.8
71 160 5.6 10.1 13.7 24.6 59 10.6 417 735
2 180 4.7 8.5 13.5 24.2 5.4 9.7 341 60.1
93 200 3.5 6.3 13,2 2.7 b | LA | 41 42,5
100 212 3.0 5.4 12.6 22.6 5.5 99 203 358

o
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e a N o e
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/ %‘*&RHQ {c) 60 °C
s S h__/ {b}32°C
0 | | T el 27 ¢
1] 10 20 30 40 50 60 70 80 90 100 10 120
Time, s
Fig 13 Cooling curves and cooling rate curves produced by 27, 32, 60, and 71 °C (80, 90, 140, and 160 °F) water

that is flowing at 15 m/min {50 ftimin) past a 38 mm (1.5 in.] diameter bar
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Cooling rate, "Fis

0 25 50 75 100 128
[ | [ I
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e T T 1 T T 1800
800 t Termperature -
100 Curve Quenchant °C °F 7| 1400
B A Water 32 20 — 1200
O 500 B N - B 20% aqueaus PAG solution 49 120 - .
) D c Fast oil 65 160 1000 .
g 500 D Canventional ol 55 150 L B
= E Marnermpering oil 150 300 2
g 400 ! 800 g
2 -
= ano —| 600 £
200 400
100 = 200
Q V]
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Time, 5
Fig 14 Effect of selected quenchants on the cooling curve of a 25.4 mm (1.0 in.) diameter steel bar. All

quenchants flowing at 0.50 m/s (100 f/min)
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Fig 15 Effect of section size on cooling curves and cooling rate curves in 65 “C (150 °F) fast oil that is flowing
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Table 5 Comparison of the cooling power of commercially available quenching and
martempering oils according 10 magnetic quenchometer test results

Quimching duration from 885 “T° { 1625 "F)
to 358 “C (670 °F), §

Wscesity ALZTC (B0°F) ALID C (250 °F)
a4 Finsh paint S —
0l (108 F) _Tinsh posnt Chromized Chromized
Types of quenching sl samphe SUS{al kS F Ni-ball HNi-badl wi-ball éi-ball
Conventional 1 2 190 375 2.5 2.2
2 s 195 380 178 7
3 w7 170 340 16.0 48
Fast 4 k1] 143 29 7.0 Lal
5 94 17 335 9.0 1500
L) 7 190 375 0.8 17.0
T 1o 185 3T 1.7 194
# 120 90 178 13.3 174
Martempering. without
spoed improvers E 329 235 455 19.2 el 18.4 2.1
1) Ty M5 475 26,49 Xn Fi N | 3.4
L] 2550 LU R EIR 2.0 LT ek
Martempering. with spoed
improvers 12 37 230 450 15.3 [1.1] L8 [
13 T3 245 473 164 179 14.0 15.6
L} 2450 Ll 1.7 170 141 15.4

Cah SUS. Sayboll universal seoomds. (b) Nt wvailable

Table 6 (‘nm(rarison of the ranges of cooling power of commercially available
quenching and martempering oils according to magnetic quenchometer test results using

pure nickel balls
Cruemching duration from BHS U (1625 "F) 1o 358 °C 4670 *F)
At 85 T T avimer AT T — 'Em'c

Type of quenching oil (150 “F) (250 "F) 1350 *Fi (450 °F)
Conventional 14-22 1412
Fast 7-14 T-14
Martempering, withoul speed

IMpTOvers T34 134 1238 =47
Martempering, with speed improvers 14-20) 13-18 16-22 =33

\3
g5
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Fig 16 Center cooling curves showing the effect of scale on the cooling curves of steels quenched without
B agitation in fast oil. lah 1095 steel; oil at 50 °C (125 °F). (h) 18-8 stainless steel; oil a1 35 °C (75 °F).
Specimens were 13 mm (% in.) diam by 58 mm (2% in.) long,
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Fig 17 Dilatometric study of steel cooled from a
18 17 high temperature to show that the steel )
undergoes reversals of its dimensional contractions Fig 18 Warpage caused by nonuniform quenching
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Fig 20 Strains produced by hardening a cylinder of
B 1.10% C tool steel. (a) Dimensions of an
annealed bar before quenching. (b) Hardness values
at selected locations inside cylinder after water
quenching at 775 “C {1425 °F) based on surface hard-
ness of 68 HRC. (c) Core hardness after water-
quenched cylinder diameter reduced from 16 mm (5
in.} 1o 7.62 mm {0.300 in.) by wet grinding. Source: Ref
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Fig 21 Residual stress disiribution and distortion in 50.0 mm {1.97 in.) diameter carbon steel Bars water quenched from 850 °C (1560 F). (a) Through hardened 0.6% C
steed. (b) Unhardened 0.25% C steel, (o} Hardened core 0.30% C steel. OD, outside diametes, Source: Ref 22
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- Cross section of a water quenched SAEAIS 1037 steel track shoe with b
Flg 22(a) 0.25 mm (0010 in.} distortion cassed by lightening groove, Redesign-
i 0f the shoe to remave the grooves improved unilormity of the section and Fig 22(b) The design of this steel flange on this shalt will cause the flange 1o
reduced the distortion to a masimum of 0,08 mm 10.003 in.), Source: Ref 23 [ crack during quenching. Source: Rel 23
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tom). Source: Ref 23

LLsls¥ s ol 0313 Sl pBiaCnl ods asls 0L YE IS8 s PP SY 5 a S S

bolan oz bluslsph oo 558 5Y 5 845 C (glos & O 1 dmil g0 ool iz [ SCs

Al dal g sl s BLSl sl a5 sl | o o b WSS

Fraction of quench cracking, %

309 340 380 420

M, [521-353(%C)-22 N%Si1-24.3(%Mn)
17.30%Nil=17.7(%Cr)-25 B(%Mo)], °C

100 ——
B | T I
&0 — O Ni, Cr, and Mo steels

® C-Mn stoels
40— & Mot fully manensitic

Fraction of quench cracking, %

0 ————
[/} —_— |_ S
0.4 05 0.6 0.7 08

ce(eat bt k)

Fig 23 Effect of M, lemperature () and carbon
15 equivalent (bh on the quench cracking of
selecied steels

Table 7 Effect of carbon concentration
and % martensite on the as-quenched
hardness of steel
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Fig 24 Thermal expansion and contraction curves for 4340 steel. RT, room temperature
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Cooling curves and temperature difference curves between 38.1 mm (1.5 in_) section and 25.4 mm (1.0
in.} section of steel quenched in conventional oil at 60 “C (130 °F} that is flowing at 0.5 mis (100 fu'min)
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Jominy distance, Yia in.
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composition range
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Hardness, HRC

Jominy distance, mm

Fig 31 Caleulated and experimental Jominy hardness values of AlS] 4130 steel that was austenitized and
g quenched from 855 “C (1575 °F). Curves A, B, and C were calculated from D, values; curve D obtained

from measured hardness values
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Pari eross section Jominy hardenability

Part thermal
higtory

Hardnass

SAE recommended
termparalure - "i_ S -
1

Depth fram surfaca Jominy distance

Procedure to determine quench cooling rates at important locations in a workprece:

® Step 2 Oblain al leasl two test parls o) made from the same heat of steel and
manufactured as close as possible to the propoesed production method. Castings will do
if forging dies are not available

# Step 20 Machine parts ta condition in which they will he hardened. Copper plate or
atherwise protect parts from any carburizing or decarburizing sction. Process parts
through heal-treating operations for imes estimated 1o be approximately that for the
production part. Quench pirt Mo, | in o manner as close 1o production as possible ino
temper]

® Step 30 Cut, grind. and polish hardened sections from parl Mo | =0 hardness readings
may be taken as shown on example below:

— Check hardness at important
7 Ipcaticn depth, D, below surlace.
- Example; Hardness test results
O for locations at this degpth werne
425, 423, 43,2, 427, 431, 427

T Take end quench st

Standard end-quanch - hardness readings here I

hardenabifity tost speciman

® Srep o Machine end-guench hardenability test specimens from part No. T test Tocation
on hardenzhility specimens to correspond 1o depth D, below surface. Harden
end-quench specimens from same lemperature as part Mo. 1. Example test results as

follows:
Distance from gquenched end, Yin in. | 2 3 4 5 ] L]
Hardness, HRC A6 55 55 54 52 4R 43

® Siep §; By comparing hardness resulls obtained at reference location of step 3 (HRC
42,71 10 end-guench results (siep 41, it can be seen that this hardness occurs at ¥ie m,
on end-guench curve. Quench conling rate al reference point is approximlely equal to
Yin in. 10 end-quench test 1

® Srep 6 Confirm cooling rate subsequently on & number of different heats of production
parts and adjust matenal or heat treatment or both o obtain ihe engincering

requirements more precisely
{1 Can be used on gear teeth. roots of splines. and oaher part shapes. I section in which coulmng rate mist
be determined isuch as o gear taath) is wo small for an end=puench hardenability specimen, st resalts
from a separate test may be used. An attempl should e made 10 make end-guench hardness tests on
metal of same location in cross seclun as geur footh.

Fig 32 Determination of lominy equivalent condition {f,,). Source: Ref 37

ey
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Cooling rate, "C/s Cooling rate, “Cis
170 70 31 18 12 9 B9 56 46 39 170 70 31 18 12 9 68 56 46 39
T T T T 1 T T T T T T
Coeling rate, *Fis Cooling rate, *Fis
305 126 56 33 214 163 124 10.0 83 7.0 305 125 56 33 214 163 124 10.0 B3 7.0
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Fig 33 Equivalent cooling rates at 705 °C {1300 °F) for round bars quenched in (a) water and () oil. Fluid viscosity is 1.0 ms (200 fymin). Correlation of equivalent cooling
8 rates in the end-quenched hardenability specimen and quenched round bars free from scale. Dara for surface hardness are for mifd agitation.

Table 10 Comparison of actual chemical composition with chemical composition limits Eq uivalent bar diamete T In.
of AISI 4130 steel o 1 2 3 4 5 [ 7

_ . T, 175 T T -17
iﬂelMllﬁm [ 310 M;j N :r om Cu E RDLJHL" hﬂl"s - — . .
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Fig 35 TTT diagram for 4130 low-alloy sieel
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Table 12 Effect of end-quench distance and Grossmann quench severity, #, on the
equivalent bar diameter of 1141 resulfurized carbon steel

Equivalent bar dismeicr when quenchedia)

Distance from end in 0l Waler e

_ emd-quench tesl i, Circulated, Siill, Circulated, St brine, idenfized
et Y i, im. =25 = A5 =10 H=135 H=10 quench, H = =
1.5 Yin 4G 0.1 .15 03 0.35 0.4 0.7
3 ¥in W 0.2 0.3 0.5 0.65 0.75 I.15
P ¥in R 035 0.55% 0.85 1.0 1.25 1.6
] Hin Va 0.5 0.80 1.15 1.3 .5 1.9
ree Yie 20 0.6 0.95 1.4 1.6 1.75 2.2
[[n] B T 0E 1.2 1.6 I.B 2.0 14
GOt Yia 100 L0 1.4 18 240 2.3 2.7
13 s L] 1.1 1.5 21 23 2.5 9
rew Wi s i3 1.7 23 1.5 2.7 P
[} s Vi 14 1.9 2.5 2.7 29 34
cee s LR 1.6 2.1 28 3.0 3.2 36
19 Fin £ 1.7 22 3.0 2 34 38
sas Wi rer 1.9 14 3.2 3.4 35 4.0
2 in k. 0 2.5 33 3.5 3.7 4.2
LR s 5oL 2.1 2.7 15 7 39 4.4
15 Uy 1 23 1.8 37 9 4.1 4.6
e e 20a 24 10 R 4.1 4.2 4.7
9 184 1% 2.5 EN 4.0 4.2 4.4 4.9
b in 20 2.6 33 4.1 4.4 4.5 30
32 Win 1% 2.7 34 4,3 4.5 4.7 Lo |
s s v LB is 4.4 4.7 4.8 5.3
15 el I 29 36 4.5 4.8 4.9 5.4
e Wi = 3p 37 4.7 5.0 5.1 55
15 M, 1% EN | kR 1 4.8 51 5.2 56
s 1¥jm s 3.2 4.0 49 5.2 5.3 5.8
41 Mg, 1% i3 4.0 5.0 5.3 54 5.9
s e .- 3.4 4.1 5.1 54 55 6.0
44 Wi 1% 3.5 4.2 5.2 55 5.6 6.1
T M G 16 4.3 53 5.6 5.6 6.2
48 M 1% 16 4.4 5.4 5.7 5.7 6.2
i e, L 3.9 4.5 5.5 58 58 6.3
51 o 2 3K 4.5 5.5 5.8 59 6.4

la} When the end-guench hardness curve of a sicel hus been found, this 12ble enables the user to estimate the hardnesses that would be
oblained at the centers of guenched round bars of different diameters, when that same steel is quenched with various severities of

uench, For each successive Yin i, position, the hirdness obained in the end-guench test would be found at the center of the bur size
shiwin.
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Table 13 Relation of brine density to
brine concentration

Specilic gravity
DHrect reading = 'Di'c"w:m_

Salt, % hydrometer “Béia) gL b/ gal
NaCl solutions

4 1.0268 3.8 41.1 0.343

] 10413 5.8 62.4 0521

] 10559 1.7 84.5 0.705

9 1.0633 8.7 G959 (0.800
i 1.0707 9.6 1071 0.894
12 10857 11.5 130.3 1.0K7
NaOH solutions

1 10095 1.4 10.1 0.0842

2 10207 9 0.4 01704

3 10318 4.5 3.0 0.2583

4 1.0428 6.0 41.7 0.3481

5 1.0538 1.4 2.7 (.4397

1ar'Bé. Baumé; specific gruvity for liquids heavier than waler is
1454145 — m), where o is reading on B¢ scale in "Bé

&\plwéfdyu);)lﬁa\.M:@QW:}}\\J@EaﬁNaCl /AR lebszcdabéﬁjf)>
Wl o 0313 DL PO [ )3 45T dal 5 Jgans g5 5831y s o STlo
J_M;\ﬁ5;\;;;\:.;‘,\;(.\,,‘;‘((.14“w})@»y,e_i*;gm;%,\mCm,aLgu));s,xp;guutzﬁ
Al 0 0305 QLS B S 53 48 Sl Sl o 20 10% Clals 550 55
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Distance from waier-cooked end, in Digtance from water-cocled end, in,

?DC} 0025 050 075 1 1.3 150 10s 2 o (1] 1 15

2
175 250 |- 100
0.2 (6.0) 40
150 [:31] 008 (2.0)
1E = | %
D04 {1.0) g 200 o 0280 E
128 50 0.70) = o ooE20 E
3 0.0z 050 L . 1.6 7
E £ gE E £ ooa .0 £
E = 0 (0.35) % Eso |- = 6D o =
Rl - T E £ 002 0.5 T
k) = [ RO .
E E poomam S E = (035 g
5 15 T 30 g ] = =
3 . 2 Tio|l g 40 Ed
a 2 s & & GO0E (0.2 ¢
B 20 = 30 - =
= @
E 50 20 3
b2 10 “ -
1.0
0 0 0
o 1w 20 a0 40 50 a 10 0 A af &0
Distance from water-zocled end, mm Distance from water-cooled end, mm
lal L1}

rig 41 Location in end-quenched |ominy hardenabilily reund bar specimen corresponding to (2} center position and (b} half-radius positdon. Source: Ref 30, 30

| — 1800 osling rte "Bl

Water termgerature: 1000 — | T T T | T | | T | 115‘»

(-

Temperature,
Temperature, *F
eratura, °F

Termgerature, “C

Temp

e, Cooling rate, “Cis
fal i

flect of bath temperature on heat remaval in @ Wollson probe. ia) Cooling curves. ibh Cooling rate
urves. Cuenchant is water having 0.25 mis (S0 fimin) velocity.

.Fig 42!

o3 5350-110 SUS w5 Sy 5 51 Stas sla 55, ol Fast quenching Oils aa yuw iseS sl ye9,
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Table 15 Typical properties of commercially available quenching and martempering oils

Viscosily ul
APl Flash pointih Pour pointic) 40 °C (100 °F),
Type of quenching oil Mo gravityial T °F " °F SUSidt Suponification e} Ashin, % Waterigl, %
Conventional . no additives I EX] 155 IS -2 i 17 0.0 ol 0.4
2 n 185 IS -9 15 i 0.0 0.03 0.0
Fast. with speed improvers 3 135 190 i =12 1 kR 0.0 0.05 0.0
4 35 160 320 -4 25 21) 0.0 0.20 04
Martempering, without speed improvers 5 EIN 235 455 -9 15 Ry 0.0 0oz .0
fr .4 245 475 -9 1% 719 0.0 0.03 0.0
7 6.6 300 578 -7 0 2550 0.4 [tH1H) 0.
pering. with speed improvers ] 8.4 230 450 -9 15 137 2.0 Il 0.0
v 78 245 475 -9 15 713 23 [N 0o
1 55 kL 70 -7 n 24500 25 1.4 [IX1]

ASTM specifications: G 13 38T, i) D92, 000 D097, b 1 445, D 20000 del D %4, of (2 882, 40 D 95, D 1533
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Fig 49 Plots of probe size versus circulation rate for a conventional mineral oil. (a} Maximum cooling rate. () Cooling rate at 345 *C (650 °F, (c) Predicted hardness for
18 1045 steel. (d) Predicted hardness for 4140 steel. {2} Grossmann & factor values, Data are independent of bath temperature.
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